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1.1 Introduction 
Magnets have broad application in science, technology and domestic life while 
molecular and macromolecular systems are found in materials such as plastics, woven 
synthetics, display technology and optics. The development of molecular magnets is of 
great interest although it is a field which is still at an early stage. Currently the focus is on 
understanding the fundamental principles that govern magnetic behavior, in particular 
when moving from isolated molecules to three dimensional clusters. 
Polynuclear metal clusters are of general interest as they are found in biological 
systems such as ferritin.1,2 Metal clusters with high-spin ground states can act as 
supermagnets3,4 and molecular magnets,5,6,7 and can exhibit spin transition behavior.8 
Synthetically self-assembly can be used to build up beautiful molecular architectures,7,10-
15
 which contain new configurations of paramagnetic ions, and endow unique properties 
on the materials.16 
While the main aim for a magnetochemist is to synthesize new magnetic systems, 
presumably under mild conditions, (i.e. from solution at room temperature and pressure) 
and also to study how to synthesize new molecular magnetic systems with specific 
magnetic and electronic properties that might be suitable for future applications, it is 
important to consider the theoretical underpinning for such structures. The aim of this 
work is to obtain a deeper understanding of how electronic and molecular structures (spin 
density, band structure, anisotropy, etc) relate to the macroscopic physical (magnetic, 
electrical, optical, etc) properties.  
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1.2 Background and Objectives 
Polynuclear Complexes 
The development of molecule-based magnets17 requires the specific alteration of 
magnetic properties by established organic or coordination chemistry techniques and the 
combination of magnetic properties with other mechanical, electrical and/or optical 
properties in harmony with simplicity of fabrication.18 The past few years have witnessed 
significant interest in single-molecule magnets (SMMs)19 along with an increased 
understanding of what is required in order for a system to be of use. 
Single molecular magnets (SMMs) form a class of systems whose permanent 
magnetic moments stem from their molecular structure.5,19c Generally, SMMs are 
characterized by a large ground state spin number (S) and a relatively large uniaxial-type 
magnetic anisotropy (DSt). As a result, an energy barrier (DSt·St2) appears for switching 
the SMM's spin between the two stable spin states | ± S >. At higher temperatures SMMs 
behave like paramagnetic or superparamagnetic particles with a large magnetic moment. 
When the temperature is lowered, the thermal energy is not sufficient to reverse the spin 
orientation of the molecule. Thus, the necessary requirements for better SMMs are a high 
spin ground state (St) and a large magnetic anisotropy (DSt). To rationally design 
polynuclear complexes with high St values, a control of the exchange couplings is highly 
desirable.  
The main goal of this project is therefore to synthesize high-spin molecules. The 
different ligands used in this work for synthesizing polynuclear complexes are listed 
below: 
 
              
NN CC
HH
OH HO
N'N-di(3,5-di-tert-butyl-salicylidene)-1,3-diaminobenzene  
(L"H2) 
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There is no obvious or general synthetic route to high nuclearity clusters.20 Thus, 
polymetal cages are often self assembled, the assembly process sometimes being 
facilitated by alkali metal templates.21 Consequently, the use of ligands containing good 
bridging groups, fostering the formation of polynuclear products, has become an active 
research area. In this field we have been exploring the hydroxy (-OH) group containing 
ligands15 to influence the nuclearity and topology of metal complexes. N-
methyldiethanolamine is an interesting ligand which has been reported in the literature. 
Depending on the reaction condtions, the hydroxy groups of this ligand can coordinate 
with the metal in protonated or deprotonated forms, while the N atom of the amine can 
also coordinate and hence the use of N-methyldiethanolamine in the synthesis of 3D 
polynuclear complexes. Since nickel(II) is known to have a large single-ion zero-field 
splitting and often gives rise to ferromagnetic coupling, we have focused our attention on 
polynuclear nickel complexes with the aim of obtaining “high-spin” molecules. 
N
N
Me
N
H
OH
N
N
N
N
OH
OH
N
N
H
N
H
OH
Me3Tacn (L') 
MeImOxH HImOxH 
N-methyldiethanolamine (LH2) 
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  Metal oximates have previously proven to be versatile ligands in polynuclear 
complexes due to their ambidentate character with potential for nitrogen and/or oxygen 
coordination. 39-44 Some of the bonding modes observed for oximes modes are depicted in 
Figure 1.1 below:  
M N O M´
C
(1)
M N O
M´´
C
M´
(2)
M
N
N
X
X
O
O
(3)
M
N
N
N
N
O
O
(4)
O
O
M
X
X
N
N
M
O
O
N
N
O
O
(5)
 
Figure 1.1 Bonding modes in oximes. 
Due to this versatility in bonding, oximes are excellent bridging units in modular 
synthesis. The idea of synthesizing polynuclear complexes involving "metal oximates" as 
building blocks has become quite popular in the last few years. Modular preparation with 
oximato ligands enables the synthesis of linear symmetrical and asymmetrical cores 
containing two different metal ions.22-25 Additionally, butterfly cores have also been 
achieved with the synthesis of asymmetric heterotrinuclear complexes with different 
oximes and end cap ligands. Diatomic N-O-bridging has been demonstrated by several 
series of isostructural complexes with different metal ions. Such isostructural series22 are 
not available for any other bridging ligands. 
The synthesis of homo and heteropolynuclear complexes incorporating the end-cap 
ligand 1,4,7-trimethyl-1,4,7-triazacyclononane, Me3Tacn, with oximes is an approach 
developed in recent years.22-24 Acyclic polyamines including di-, tri-, and tetra-amines and 
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bipyridine have been used as end cap ligands due to their commercial availability and the 
function of such ligands is to prevent undesired oligomerization processes. We have 
chosen to use Me3Tacn since it is a facially coordinating tridentate nitrogen ligand and a 
significant number of both thermodynamically and kinetically stable complexes of these 
ligands are known.22-24 
New exchange pathways can be expected for heteropolynuclear complexes where 
unusual sets of magnetic orbitals can be made to overlap with each other; hence an 
investigation of a series of heteropolynuclear complexes can be more informative than 
those of homopolynuclear complexes and serve as a source of fundamental information 
about exchange coupling in multinuclear assemblies. Another reason to study 
heterodinuclear metal complexes is that they may be used as building blocks for 
molecular based magnetic materials.  
Among the variety of methodologies applied to synthesize polymetallic 
coordination compounds, the use of ‘metaloligands’, i.e. metal complexes as ligands, in 
which the ligands already bound to one metal have free coordination sites that can bind a 
second metal of the same or a different kind, has proven to be very successful; this route 
involving multinucleating ligands offers many potential advantages over the self-
assembly route in that it enables more stringent control over the course of the reaction 
and upon the products that are formed. Regarding the ‘metaloligands’ concept: previously 
it has been shown by our group that pyridinealdoxime can be used successfully to 
synthesize a series of dinuclear complexes with predictable magnetic moment. We 
introduce here a new ligand 1-methyl-2-imidazolealdoxime (MeImOxH), designed to 
synthesize a series of dinuclear complexes. Our main aim is here the study of 
intramolecular exchange interactions between the paramagnetic transition metal ions as a 
function of their respective dn electronic configurations and also to compare the ligation 
and σ donating properties of MeImOxH ligand with the pyridinealdoxime ligand. 
Investigation and analysis of the electronic transitions using MCD is another aspect of 
this project. The basic principles of MCD is discussed later in this chapter. 
We have already pointed out that zero-field splitting (D) is one of the important 
parameters for SMMs. Normally the Mn(III) (h.s.) ion is a potential candidate to show 
Jahn-Teller distortion. The Mn(III) is known to have a large single-ion zero-field 
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splitting. Additionally, Mn(III) ions often give rise ferromagnetic coupling, which is a 
necessary condition to generate a high-spin molecule. Moreover, Mn(III) complexes 
bridged only by oximate groups are quite rare, although complexes in the presence of 
other co-bridging ligands like oxo, hydroxo or carboxylate are not unprecedented. 
Polynuclear Mn(III) complexes with oximate bridges have been reported recently,40b, 41j, 
42 however the coexistence of the multibridging pathways precludes conclusions being 
drawn on the magnetic coupling via the oximate bridge only. To clarify the nature of the 
exchange interaction via an oximate pathway, the synthesis of such a compound is 
expected. Working towards this goal, we have introduced imidazolealdoxime as a ligand. 
 
Spin-Polarization 
 The spin polarisation mechanism is of most interest in magnetic behavior. This 
mechanism arises from the molecular orbital model proposed by Longuet-Higgis for 
conjugated alternate hydrocarbons,26 which results in ferromagnetic or antiferromagnetic 
coupling between two radicals depending nature of the bridge. When the radicals are 
separated by a m-phenylene bridge the are ferromagnetically coupled because two 
unpaired electrons reside in a pair of mutually orthogonal but degenerate SOMOs.26a A 
consequence of this molecular orbital behavior is the alternation of α and β spin density 
induced on the bridging atoms, which has actually been detected and measured in some 
cases.26b,c This simple principle has been behind the preparation of numerous polyradicals 
exhibiting a very high spin  ground state.26  
 
 
                                             
 
Figure 1.2 m-Phenylene based linkage with α and β spin distribution. 
Though this mechanism is well known for organic polyradicals systems, it has 
received limited attention in the case of metal coordinated systems. We can apply this 
knowledge in our choice of ligands. The use of m-phenylene based linkages (Figure 1.2) 
↑ = α spin 
↓ = β spin 
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to achieve parallel spin coupling in transition metal complexes has indeed been 
successful in some cases27 but anti ferromagnetic interactions have also been reported.28 
To introduce this spin-polarization concept in our metal complex we have 
synthesized N'N-di(3,5-di-tert-butyl-salicylidene)-1,3-diaminobenzene (L"H2). Using this 
ligand at first we have studied Fe(III) chemistry, as ferromagnetic interaction between the 
Fe(III) centers is very rare and still a matter of curiosity. 
 
Low Valent Vanadium Cluster 
 The electronic configuration of the V(III) ion is d2. So in an octahedral 
environment ground term for V(III) is 3F and 3T1g is the ground electronic state. Because 
of this triplet state (3T1g), orbital contribution should occur leading to a significant 
amount of zero-field splitting. Literature shows that this d2, S = 1 ion typically exhibits a 
large zero-field splitting (ZFS)4 and, hence, is attractive as a building block towards 
magnetic materials such as SMMs. However, the literature is dominated by high-valent, 
VIV/VV chemistry1 and there are very few low valent VIII or VIII/VIV clusters reproted2,3 
due to the reducing nature of the VIII ion and the inherent stability of the 
[VIVO]2+/[VVO]3+ions. Some VIII or VIII/VIV clusters are known either with carborxylate 
or with phosphate containing ligands.2,3,5 Apart from these with carboxylate or phosphate 
groups, polynuclear VIII complexes with detailed analysis of magnetic properties are very 
rare.6-10 Thus, we have introduced the L"H2 ligand to synthesize low-valent vanadium 
complexes. 
 
Evaluation of Coupling Constants 
  The evaluation of coupling constant in heteropolynuclear paramagnetic clusters is 
not a trivial task. The most important aspect in evaluating the coupling constants is to 
choose the correct spin-Hamiltonian for a particular system. For a polynuclear system the 
spin-Hamiltonian may be written as H = -2 Σ Jij Si Sj, where the sum is taken over all 
pairwise interactions of intensity Jij between spins Si and Sj in the molecule. This model of 
the isotropic interaction between the spin carriers is based on the concept of magnetic 
orbitals and overlap densities between pairs of such orbitals, and allows an analysis of the 
spin coupling. We are interested not only in the individual spins of the paramagnetic 
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centers, but also in the total spin of the whole cluster. Depending on the environment of the 
paramagnetic centers, the nature of the interactions can change from one cluster to another. 
There are three mathematical methods for calculating the magnetic susceptibilities of 
polynuclear complexes: (i) Vector Coupling (VC), (ii) Full Matrix Diagonalization (FMD) 
and (iii) Irreducible Tensor Operator (ITO). 
  VC was formulated by Kambe in 1950.29 This method is the simplest and most 
used, however, it does have some limitations regarding the symmetry of the cluster. Since 
one has to be able to obtain the appropriate and unique solutions to multivariable problems, 
it can be used only for certain symmetries. Thus, to avoid such drawbacks FMD or ITO are 
more useful for evaluating the correct J values. FMD has a major drawback in that it can 
result in very large matrices requiring long diagonalization times, and thus long 
computation times. The ITO method30 reduces the size of the matrices and computation 
times dramatically but it is difficult to set up and requires a considerable degree of 
sophisticated mathematics. It is also difficult to include single-ion effects such as zero-field 
splitting (ZFS) in ITO calculations which are easily included in FMD. Therefore FMD is 
the most commonly used method in this work. 
 
Magnetizations at Different Fields 
If a sample, containing 1 mol of a molecular compound within a homogeneous 
magnetic field, acquires a molar magnetization M, then ∂M / ∂H = χ, where χ is the molar 
magnetic susceptibility. If the magnetic field is weak enough, then χ is independent of H 
(the applied magnetic field), such that it can be written as M = ∂M / ∂H = χH. The molar 
magnetization M, can be expressed in cm3Gmol-1 or in Nβ units, N being Avogadro’s 
number and β the electronic Bohr magneton. Molar paramagnetic susceptibility 
characterizes the way in which the applied magnetic field (H) interacts with the angular 
momentum associated with the thermally populated states of a molecule. When a sample is 
perturbed by an external magnetic field, its magnetization is related to its energy variation 
through M = - ∂E / ∂H. To get the molar magnetization M, one can make a sum of the 
microscopic magnetizations weighted according to the Bolzman distribution law, which 
leads to, M = [NΣn (∂En / ∂H) exp(-En / kT)] / Σn exp(-En / kT), where T is the temperature 
of the sample and k is the Boltzman constant. Hence, from the above expression, molar 
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magnetic susceptibility varies as C/T, (where C is a constant, proportional to En/K) i.e. 
Currie’s law. It is important to keep in mind that Currie’s law is valid only when H << kT. 
Then molar magnetization M is linear in H. When H >> kT, M approaches the saturation 
value Ms, Ms = NgβS. 
 
Magnetic Circular Dichrosim (MCD) 
 MCD spectroscopy is an experimental technique that investigates the geometric 
and electronic structures of transition metal complexes. MCD is the differential 
absorption of left and right circularly polarized light in presence of a magnetic field. This 
technique provides information not only for the electronic ground states but also for the 
electronic excited states for both paramagnetic and non-paramagnetic centers. MCD is 
also site selective; when a system contains multiple chromophores, each chromophore 
generates a distinct absorption band making it possible to study the individual centers. 
 Paramagnetic substances in a magnetic field appear to be optically active, the 
relationship with natural optical activity is not straightforward. In both phenomena the 
same quantities are measured as a function of frequency, namely, the difference in the 
refractive indices for left and right circularly polarized light (which manifests itself as the 
angle of rotation of plane polarized light) or the difference in absorption coefficients for 
left and right circularly polarized light. The former is the optical rotatory dispersion 
(o.r.d.) and the latter is the circular dichroism (c.d.). In natural optical activity the 
dissymmetry of the molecules causes the electrons to move in a helical path on excitation 
which may then absorb left circularly polarized light to a greater or lesser extent than 
right depending upon the ‘handedness’ of the helix. In magnetic optical activity, left and 
right circularly polarized photons no longer interact equivalently with an absorbing 
medium in the presence of a magnetic field. Thus we should not anticipate the same 
direct relationship between magnetic optical activity and molecular stereochemistry 
which we find in natural optical activity. 
 MCD is a multidimensional spectroscopy. It has many experimental variables 
(e.g. wavelength of the incident radiation, temperature and magnetic field) which play a 
crucial role in characterizing the chromophore being examined. The MCD absorption 
(∆A) for a transition from ground state to excited state is defined by:  
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            ∆A = ALCP – ARCP = γβH[ - (∂f(E)/ ∂E)A + (B + C/KT)f(E)]dc       equation 1 
where γ is the spectroscopic constant, β is the Bohr magneton constant, H is the magnetic 
field, k is the Boltzman constant, f(E) is the line shape function (Gaussian), E is the 
energy of the incident radiation, d is the pathlength, c is the concentration of the 
molecular species.32  
MCD is based on the Faraday effect, which describes how matter, in the presence 
of a magnetic field parallel to the direction of propagation of light, appears optically 
active.31 The Faraday effect is however closely related to another well-known 
phenomenon which arises from the interaction of magnetic fields with matter, namely the 
Zeeman effect. As an illustration, we will consider here the Zeeman effect for a system 
with a spherically symmetric potential, e.g., a single atom. 
  There are three additive terms A, B and C in equation 1. From the MCD spectra 
one can easily recognize the A, B and C-terms. The A-term originates from degenerate 
excited states. A simple example is given by the atomic transition (
1
S→
1
P), where the 
excited states are degenerate (Figure 1.3). In the presence of a magnetic field, H, the 
excited states experience Zeeman splitting where the energy levels are M
J
= +1, 0, -1. 
Both of the transitions, left circularly polarized (LCP) and right circularly polarized 
(RCP), would be equal in intensity, but vary in frequency resulting in a derivative shaped 
absorption band that is temperature independent (Figure 1.4). 
                                        
Figure 1.3 Example of the origin of the A-term for the atomic transition (
1
S → 
1
P). 
∆MJ = ±1 
1P 
1S 
H = 0 H ≠ 0 
RCP LCP 
+1 
  0 
-1 
0 
MJ 
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Figure 1.4 Absorption of left circularly polarized light (plotted positive) and right 
circularly polarised light (plotted negative) when lP excited state is split by the field (left 
hand side). Note that the two transitions occur with equal probability. Resultant magnetic 
circular dichroism curve (right hand side) showing Faraday A term line shape. 
 
In type C spectra, MCD absorption is a consequence of the magnetic field 
breaking the degeneracy of the ground state of the optical absorption, as for the atomic 
transition 
1
P → 
1
S (Figure 1.5). The ground state experiences a Zeeman interaction where 
the Boltzman distribution has an affect on the population of the ground states. This 
changes the intensity of the left and right circularly polarized light according to 
temperature ultimately leading to a temperature dependent C-term (Figure 1.6). For 
samples exhibiting both A and C class spectra, taking the MCD as a function of 
temperature is a way to separate the relative contributions of these two effects. 
               
Figure 1.5 Example of the origin of the C-term for the atomic transition (
1
P → 
1
S). 
H = 0 H ≠ 0 
RCP LCP 
1P 
+1 
  0 
-1 
1S 0 
MJ 
∆MJ = ±1 
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Figure 1.6 Absorption of left circularly polarised (plotted positive) and right circularly 
polarized (plotted negative) light in the presence of the field (left hand side). Note that the 
relative intensities of these depend on a Boltzmann factor which reflects the number of 
atoms in the MJ = -1 and MJ = +1 sublevels. Resultant magnetic circular dichroism (right 
hand side) showing Faraday C term line shape. 
  
The B-term contribution to the MCD spectrum does not require degeneracy as it 
is the result of the mixing of electronic states. The B-term is induced by ground and 
excited states mixing with all other relatively close excited states. Thus, all molecules 
exhibit this effect, accounting for the universality of the Faraday effect. The B-term is 
temperature independent. 
  Magnetization curves monitor the saturation properties of discrete MCD bands as 
a function of increasing or decreasing the magnetic field or temperature. This provides 
information to resolve and assign electronic transitions such as estimations of the ground 
state spin state, g-factors, and zero field parameters (zfs). 
In biology, metalloproteins are the most likely candidates for MCD 
measurements, as the presence of metals with degenerate energy levels leads to strong 
MCD signals.33-38 
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1.3 Scope of Thesis 
 This thesis mainly deals with the magneto-structural studies of homo- and 
heteropolynuclear metal complexes, with particular emphasis on the investigations of 
different exchange pathways. Different spectroscopic techniques (viz. MS, IR, NMR, UV-
VIS, SQUID, EPR, MCD, etc) have been used to provide a complete picture as possible. 
 The work is divided into five main chapters. In Chapter 2 the use of hydroxyl-
group containing ligands15 to influence the nuclearity and topology of metal complexes is 
reported. Some other interesting developments regarding the magneto-structural chemistry 
of complexes incorporating this ligand are discussed. The aggregation of soft metal centers 
to form covalently bonded clusters is well known.48 Hard metal cations do not readily form 
metal-metal bonds, and usually require bridging ligands such as carboxylate, oxide, or 
hydroxide ligands to induce aggregation.15,45-47 Herein we report two interesting examples 
of metal–ligand frameworks which can be successfully self-assembled about an alkali 
metal cation template. 
  Polynuclear complexes with oximate bridges have been reported, however the 
coexistence of multiple bridging pathways preclude clear analysis of the magnetic coupling 
via oximate bridges only. To clarify the nature of exchange interactions via oximate 
ligands, the syntheis  of new materials was necessary. Working towards this goal, the 
singly oximato-bridged [MnIII2]α complex has been sucessfully synthesized and is 
disscussed in Chapter 3.  
  Chapter 4 concerns the synthesis and charecterization of a ferromagnetically 
coupled dinuclear ferric complex. Though the spin-polarization mechanism is well known 
for organic polyradical systems, it has received limited attention in case of metal 
coordinated systems. This system has also been studied using DFT. In Chapter 5 the 
synthesis and chracterization of a valence-traped tetranuclear [V(III)V(IV)]2-complex, a 
rare example of a mixed-valent vanadium cluster without any carboxylate or phosphate 
ligands is reported. 
  Finally, in Chapter 6 a series of dinuclear homo- and heteropolynuclear complexes 
using N-methylimidazolealdoxime as a bridging group are reported. We have previously 
reported such series of complexes with pyridinealdoxime ligands. In this chapter we also 
show how this allows straightforward comparison of magnetic and coordination properties 
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between complexes of 1-methyl-2-imidazolealdoxime and pyridinealdoxime ligands with 
3d-transition metals. MCD is an important analytical tool to investigate the geometric and 
electronic structures of transition metal complexes. Together with magnetostructural 
studies, Chapter 6 also concerns the MCD studies of FeIIINiII, FeIIIZnII and GaIIINiII 
complexes with the gound state S = 3/2, 5/2 and 1, respectively.  
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2.1 Introduction 
The current interest in the synthesis of high-nuclearity 3d-metal complexes has 
been sparked due to their relevance to various fields, ranging from metallobiochemistry1 
to molecular magnetic materials.2,3 However, there is no obvious synthetic route to high 
nuclearity clusters.4 Thus far routes to well-controlled structures rely upon judicious 
design of ligands and the selective use of other effects such as hydrogen-bonding and/or 
template effects.  
In several recent reports, examples of self-assembly and templates have been 
found to control the outcome of the assembly. For example, halide and oxygen anions 
have been reported to template several poly-lanthanide clusters5 and lanthanide ions such 
as La3+ and Tb3+ template aggregation of Cu6 moieties.6 Na+ can template Fe6, Cu6 and 
Mn6 wheels, while alternating the template to Cs+ affords Fe8 wheels.7 These examples 
demonstrate and confirm that metal directed self-assembly can be a versatile tool in the 
construction of the 3-D polymetallic architectures.  
On the other hand, the aggregation of soft metal centers to form covalently 
bonded clusters is well known,8 and there are well established theories regarding the 
structure and bonding in these polynuclear complexes, for example Ru- and Os- 
carbonyl8b and Au clusters.8c In contrast, hard metal cations do not readily form metal-
metal bonds, and usually require bridging ligands such as carboxylate, oxide, or 
hydroxide ligands to induce aggregation.9-12  
The search for ligands containing good bridging groups, thus fostering formation 
of polynuclear products, has become an active research area. In this field we have been 
exploring the feasibility of hydroxyl-group containing ligands12 to influence the 
nuclearity and topology of metal complexes. Recently we have chosen N-
methyldiethanolamine as an OH-group containing ligand. N-methyldiethanolamine has 
Alkali Metal-Containing Transition Metal Clusters: 
Na2NiII16, NaVIV6 
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been previously reported in the literature to influence the nuclearity and topology of 
metal complexes. 14c,15 In the present work we report some other interesting developments 
regarding the magneto-structural chemistry of complexes incorporating this ligand. 
 
2.2 [NaI2{NiII4(HL)3(OOCCH3)5(HCOO)0.5}4]·3CH3CN·21H2O 
 Since nickel(II), in octahedral geometry, is known to have a large single-ion zero-
field splitting and often gives rise to ferromagnetic coupling, we have focused our 
attention on polynuclear nickel(II) complexes with the aim of obtaining high-spin  
molecules.12 Although polynuclear nickel(II) complexes containing up to four metal ions 
are not rare,12a,13 assemblies with more nickel(II) ions still remain a matter of curiosity. 
Herein we report an interesting example of metal–ligand frameworks can be successfully 
self-assembled about an alkali metal cation as a template.16 The synthesis and preliminary 
magnetic properties of an octadecanuclear supracage NiII16NaI2 in which four star-shaped 
NiII4 triangular units are linked through two octahedral sodium cations and two bridging 
formate ligands are discussed. There are very few magnetically characterized nickel 
complexes with more than sixteen metal centers reported in the literature.14 Noteworthy is 
the presence of the smallest carboxylate, formate, as a bridging ligand.16 Such molecular 
nickel–sodium metal aggregates are potential candidates for single molecule magnet 
(SMMs). 
 
2.2.1 Synthesis 
 Reaction of Ni(CH3COO)2·4H2O with N-methyldiethanolamine (H2L) and 
NaOCH3 (ratio 4 : 3 : 6) in methanol yielded a green solution, which was heated to reflux 
for two hours in presence of air. Methanol was removed in vacuo to obtain a green solid, 
which was recrystallized from acetonitrile, X-ray quality crystals in 70% yield grew over 
two days. X-Ray diffraction studies show formation of [(LH)12Ni16(OOCCH3)20(µ-
Na)2(µ2-OOCH)2]·3CH3CN·21H2O 1. To investigate whether the isolated crystals consist 
of a single compound, we have compared the powder-diffraction pattern of the bulk 
material with the diffraction pattern of the single crystal. In this way we have confirmed 
that compound 1 is of single composition.  
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N
OH OH
Ni(OAc)2. 4H2O
NaOMe/MeOH
[Na2{NiII4(HL)3(OAc)5}4(HCOO)2]
H2L
 
Figure 2.2.1 Synthesis of [NaI2NiII16(HL)12(OAc)20(HCOO)2]. 
 
Use of other bases such as Et3N, CH3COO–, NaOH did not yield 1. Presumably 
the OCH3– ion gets oxidized to HCOO– during the aerial aggregation process and the 
bridging formate does not originate from carbon dioxide in the air. The yield of 1 did not 
increase by introduction of additional formate ions.  
 
2.2.2 Infrared Spectroscopy and Mass Spectrometry 
The band in the IR spectrum of complex 1 at 3422 cm-1 corresponds to the O-H 
stretching of the protonated alcoholic groups of LH2. A strong intense peak at 1618 cm-1 
is assigned to the C=O stretch of carboxylate ions. The absorption peaks below 600 cm-1 
are assigned to the Ni-O and Na-O symmetric and asymmetric stretches. A moderately 
strong peak at 1451 cm-1 is due to the stretching of the C-N bond. 
 Electronspray-ionization mass spectrometry (ESI-MS) in the positive ion mode 
and negative ion modes does not show the characteristic molecular ion peak, however 
peaks assigned to the fragments of complex 1 are observed. ESI-MS in the positive ion 
mode shows a strong peak at 867.0 which is assigned to [Ni4(LH)2(AcO)5]+ fragments. 
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2.2.3 Electronic Spectroscopy 
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Figure 2.2.3 Electronic spectrum for complex 1 at room temperature in MeOH.    
 
The electronic absorption measurement has been performed on a 1x10-3(M) 
methanolic solution of 1, shown in Figure 2.2.3. The electronic absorption spectrum of 1 
in dry methanol exhibits d–d bands at λmax = 1105 nm with an extinction coefficient of 
110 M-1cm-1. As the mass spectrometry in different solvents, viz. CH3OH, CH3CN, 
CH2Cl2 indicates the presence of a tetranuclear unit in solution, the d–d bands are 
assigned to this tetranuclear core. 
 
 
2.2.4 X-ray Structure of [NaI2{NiII4(HL)3(OOCCH3)5(HCOO)0.5}4] 
The structure of the complex 1 is depicted in Figure 2.2.4a. Selected bond lengths 
and angles for 1 are given in Table 2.2.1. 
  The structure of 1, [NaI2{NiII4(HL)3(OOCCH3)5(HCOO)0.5}4], NiII16NaI2, consists 
of four trigonal-pyramidal building blocks, [NiII4(LH)3(OOCCH3)5], which are connected 
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to each other by two sodium cations and two formate anions. Each of the three tridentate 
ligands (HL–) connects two nickel centers from the base of the pyramid with the apical 
nickel center through a µ3-O ethanolate donor. In addition, one nitrogen atom and one µ-
OH donor from the alcohol ligand are bound to a nickel cation in the base. Moreover, the 
three nickel centers in the base are coordinated to non-bridging monodentate acetate ions 
and one formate anion, which bridges the two halves of the structure 1. Three additional 
acetate ions each bridge the nickel centers at the base with the fourth nickel center at the 
apex of the trigonal pyramid, thus satisfying the hexa-coordination of all four nickel 
centers of the building block [NiII4(LH)3(OOCCH3)5(HCOO)0.5]. A sodium ion connects 
two such building blocks and is thus coordinated to six oxygen atoms of the acetate ions 
originating from the building blocks. The nickel pyramids are apex-linked and rotated by 
approximately 180° relative to each other, resulting in a dimer [NaI{NiII4(HL)3 
(OOCCH3)5(HCOO)0.5}2]. Two such dimers are bridged by two formate anions resulting 
in the neutral molecule 1 [NaI2{NiII4(HL)3(OOCCH3)5(HCOO)0.5}4] whose ORTEP view 
is shown in Figure 2.2.4a The building block containing the tetranickel(II) center is 
shown in Figure 2.2.4b while Ni(1) occupying the apex of the trigonal pyramid NiII4 is in 
a Ni(1)O6 coordination environment, Ni(2), Ni(3) and Ni(4) are in an NO5 environment 
and form a nearly equilateral triangle of the pyramidal base. The Ni(2) and Ni(4) are 
coordinated to one amine nitrogen, two µ3-O alkoxo oxygens, two acetate oxygens and 
one protonated oxygen atom of the alcohol ligand. On the other hand, Ni(3) differs from 
Ni(2) and Ni(4) in the carboxylate coordination; instead of two acetate, Ni(3) is 
coordinated to one acetate oxygen and one oxygen of the bridging formate. Ni(1) is 
bonded to three µ3-O of the alkoxo groups and three acetate oxygen atoms. Table 2.2.1 
summarizes selected bond lengths and angles of complex 1. Strong hydrogen bonds 
between the µ3-alkoxo oxygen atoms, protonated alcohol oxygen and the oxygen atom of 
the acetate groups with the O···H···O separation in the range 2.547–2.979 Å are 
presumably responsible for building up of the supramolecular structure for complex 1. 
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Figure 2.2.4a An ORTEP plot of [NaI2{NiII4(HL)3(OOCCH3)5(HCOO)0.5}4] (40% 
ellipsoids). 
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Figure 2.2.4b An ORTEP plot of [NaI0.5NiII4(HL)3(OOCCH3)5(HCOO)0.5] (50% 
ellipsoids). 
 
Table 2.2.1  Selected Bond Lengths (Å) and Angles (deg) of Complex 1. 
 
Ni(1)···Ni(2) 2.964(2) Ni(2)···Ni(4) 3.866(3) 
Ni(1)···Ni(3) 2.977(2) Ni(2)···Ni(3) 3.826(6) 
Ni(1)···Ni(4) 2.971(3) Ni(4)···Ni(3) 3.841(6) 
Ni(1)-O(1) 2.044(7) Ni(2)-O(31) 2.058(8) 
Ni(1)-O(73) 2.027(8) Ni(2)-O(1) 2.070(8) 
Ni(1)-O(51) 2.051(8) Ni(2)-O(53) 2.060(7) 
Ni(1)-O(63) 2.036(8) Ni(2)-O(7) 2.091(8) 
Ni(1)-O(11) 2.088(8) Ni(2)-O(21) 2.093(8) 
Ni(1)-O(21) 2.079(7) Ni(2)-Ni(4) 2.131(9) 
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Ni(3)-O(11) 2.084(8) Ni(4)-O(21) 2.079(8) 
Ni(3)-O(401) 2.043(8) Ni(4)-O(71) 2.036(8) 
Ni(3)-O(61) 2.044(7) Ni(4)-O(41) 2.119(9) 
Ni(3)-N(14) 2.108(9) Ni(4)-N(24) 2.134(9) 
Ni(3)-O(1) 2.098(8) Ni(4)-O(11) 2.096(8) 
Ni(3)-O(17) 2.128(8) Ni(4)-O(27) 2.133(8) 
Bond Angles (deg) Bond Angles (deg) 
Ni(1)-O(1)-Ni(2) 92.2(3) Ni(2)-O(1)-Ni(3) 133.0(3) 
Ni(1)-O(21)-Ni(2) 90.50(3) Ni(3)-O(11)-Ni(4) 133.3(4) 
Ni(1)-O(1)-Ni(3) 91.90(3) Ni(2)-O(21)-Ni(4) 135.5(4) 
Ni(1)-O(11)-Ni(3) 91.0(3) 
  
Ni(1)-O(11)-Ni(4) 90.5(3) 
  
Ni(1)-O(21)-Ni(4) 91.2(3) 
  
  
  
 
2.2.5 Magnetic Properties of Complex 1 
The magnetic susceptibility data for a dry polycrystalline sample of 1 were 
collected in the temperature range 2–290 K in an applied magnetic field of 1 T, and a plot 
of µeff (magnetic moment) vs. T (temperature) is shown in Figure 2.2.5a. The effective 
magnetic moment µeff = 11.81 µB (χMT = 17.430 cm3 mol–1 K) at 290 K decreases 
monotonically with decreasing temperature to reach a value of µeff = 7.50 µB (χMT = 
7.023 cm3 mol–1 K) at 10 K; below 10 K there is a sharp drop reaching a value of µeff = 
6.22 µB (χMT = 4.834 cm3 mol–1 K) at 2 K. This magnetic behavior clearly indicates the 
presence of an overall antiferromagnetic exchange coupling between the Ni(II) centers in 
1. The µeff value at 2 K indicates a non-diamagnetic low-lying state. The sharp drop at the 
lower temperatures might be to due to the zero-field splitting (D) of the ground state 
and/or very weak antiferromagnetic interactions. 
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Figure 2.2.5a Temperature-dependence of the magnetic moment µ eff/molecule for 
complex 1, NiII16Na2, at an applied magnetic field of 1 T. 
 
The total spin degeneracy of the hexadecanuclear Ni(II) complex is 316 leading to 
a matrix of 316× 316 to be diagonalized for simulation of the experimental data. It is 
apparent that reduction of the dimension of the matrix is required for simulation. A close 
examination of the structure indicates that application of the symmetry of the cluster can 
lead to the desired reduction of the matrix. Thus, the tetranuclear Ni(II) units, which does 
not interact strongly with each other can be considered as separate units, as the Ni···Ni 
separations of 5.93 and 6.03 Å between the tetranuclear units are too long. These 
separations correspond to the formate (HCOO–) and Na-bridges, respectively. Thus, we 
have analyzed the magnetic data by considering the smallest core of 1, i.e. 
[NiII4(LH)3(OOCCH3)5(HCOO)0.5]Na0.5. 
As is evident from the structure of the Ni(II)centers in the tetranuclear unit, at 
least two types of exchange interactions, J1 and J2 have to be considered for simulating 
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the susceptibility data. J1 represents the exchange interaction between the Ni(II)-center 
(Ni(1) in Figure 2.2.5b) at the apex of the pyramid and the Ni(II) centers (Ni(2), Ni(3) 
and Ni(4) of Figure 2.2.5b), which constitute the triangular base of the pyramid; whereas 
J2 the exchange parameter between the three centers Ni(2), Ni(3) and Ni(4) of Figure 
2.2.5b). Thus, the spin Hamiltonian used is: 
 
H = -2J1(S1.S2 + S1S3 + S1S4) - 2J2(S2.S3 + S3S4 + S4S2) 
 
 
Figure 2.2.5b Schematic representation of probable exchange pathways of tetramer of 1. 
  
 A satisfactory simulation, shown as a solid line in Figure 2.2.5c, using a least-
squares fitting computer program with a full-matrix diagonalization, is obtained with the 
parameters J1 = + 4.3 cm–1, J2 = – 15.1 cm–1, g1 = g2 = g3 = g4 = 2.18. The nature of the 
evaluated J-values are in accord with the Ni–O(alkoxo)–Ni angles prevailing in the 
cluster: Ni(1)–Oalk–Ni(X) lying between 90 and 93°, whereas Ni–Oalk–Ni angles between 
the Ni(2), Ni(3) and Ni(4) centers are 132–134°. The strength of ferromagnetic coupling 
J1 related to the angle 90–93° is relatively weak, presumably due to the additional 
presence of an acetate ligand in syn–syn mode. In general acetates bridging contribute 
antiferromagnetic coupling to the overall exchange and thus reduce the magnitude of the 
Ni
Ni
NiNi
1 
2 
4 
3 
J1 
J2 J2 
J1 
J1 
J2 
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ferromagnetic coupling. It is known that the average bridging angle of 133° leads to 
antiferromagnetic interactions, and J2 is also accordingly antiferromagnetic in 
nature.13,14,17 The nature of the exchange coupling constants J1 and J2 are thus in full 
agreement with the Ni–O–Ni/J correlation, supporting the use of the simple “two-J”-
model. Moreover, that the contributions to the exchange coupling of the bridging formate 
and sodium ions are negligible are also supported by the good quality of the fit obtained 
by using a tetranuclear core with a “two-J” model. Noteworthy, by setting J1 = 0, the 
quality of the simulation could not be reproduced, indicating the importance of J1 for the 
fitting procedure. 
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Figure 2.2.5c Temperature-dependence of the magnetic moment µ eff for the tetranickel(II) 
core at an applied magnetic field of 1 T. The bold points represent the experimental data 
while the solid line represents the simulation. 
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Figure 2.2.5d Variable temperature variable field (VTVH) magnetic data for 1, plot of 
M/Ngß vs. ßH/kT. The bold points represent the experimental data while the solid line 
represents the simulation. 
 
The presence of paramagnetic low-lying states has been verified by the variable-
temperature (1.9–5 K), variable-field (4 and 7 T) magnetization (VTVH) measurements, 
shown in Figure 2.2.5d. The magnetization increases with the field up to M/Ngβ = 4.94 at 
7 T and 1.9 K where it is nearly saturated. Furthermore, the magnetization data for 
different fields do not superimpose, which reveals the presence of excited states at 
energies in the order of the Zeeman splitting. The saturated magnetization value of 4.94 
measured at 1.9 K and 7 T clearly indicates the participation of MS = –4 or –5 Zeeman 
components. We conclude that the expected lowest energy state St = 4, 3, 2, 1 or zero (as 
the ground state for the tetranuclear core with the evaluated positive and negative J 
values is Score = 1) is not well isolated and the excited states with S values 4 or higher are 
within a few wavenumbers from the lowest lying state. 
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2.3 [NaL6(V=O)6]ClO4·2CH3OH  
 Vanadium oxides and their complexes are of current interest due to their 
relevance to catalysis and biochemical systems, their variable geometries and their redox 
properties.19-25 Polynuclear clusters have become a subject of considerable interest not 
only because of their relevance to molecular magnetism but also to understand the 
function of metalloproteines as well as their potential applications as magnetic materials. 
Magnetic metal oxides clusters are considered a promising class of chemical systems that 
offers the opportunity of designing well defined molecular magnetic systems.2,3,18,20,26  
 The functionalization of a metal oxide cluster with an organic ligand would 
further expand their overall application as building blocks for materials design and 
development. Progress in this direction can pave the way for connecting oxometallic 
clusters with organic and biological systems (enzymes, cells, proteins, etc). 
Functionalized clusters are employed for designing hybrid materials, including optically 
active ones, and have possible applications in chemical and biological sensing. 
 Here we report a hexanuclear wheel-shaped vanadium(IV)-oxo containing a Na+ 
ion at the center of the wheel. Though wheel-shaped vanadium(IV)-oxo complexes are 
not uncommon, there are only a very few magnetically characterized complexes reported 
in the literature.27-32 Most of those reported compounds have been synthesized at high 
temperatures and high pressures. In contrast, the synthesis described here we have used 
just simple schlenck line techniques.  
 
2.3.1 Synthesis 
 Reaction of VCl3 with N-methyldiethanolamine (LH2) and NaOCH3 (ratio: 1:1:2), 
shown in Figure 2.3.1 in dry methanol yielded a green solution which was heated to 
reflux for three hours. The solution was kept as it was for two days under inert 
atmosphere but no change observed. NaClO4 was added to the solution, and the color 
turned blue very slowly. X-ray quality deep blue crystal was obtained by slow 
evaporation of methanol solution for two days. X-ray diffraction studies show formation 
of [NaL6(V=O)6]ClO4·2CH3OH  2. 
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Figure 2.3.1 Synthesis of [NaL6(V=O)6]ClO4. 
 
Use of other counter anions such as PF6-, maintaining the same reaction condition 
did not yield 2. Presumably V(III) gets oxidized to V(IV) to form V=O abstracting an 
oxygen atom from the ClO4- ions. This means that the ClO4- ion itself is acting as an 
oxygen transfer agent. 
 
 2.3.2 Infrared Spectroscopy and Mass Spectrometry 
 The band in the IR spectrum of complex 2 at 2850-2950 cm-1 corresponds to the 
C-H stretching of the -CH3 and -CH2- groups of the ligand. Strong and moderately 
intense bands at 1075 and 1037 cm-1 respectively are assigned to the V=O stretch. The 
absorption peaks around 600 cm-1 are assigned to the V-O-V and Na-O symmetric and 
asymmetric stretches. A moderately strong peak at 1459 cm-1 is due to the stretching of 
the C-N bond. 
 ESI-MS in the positive ion mode has proven to be very successful in 
characterizing complex 2. The monopositively charged species [M-ClO4]+ is observed as 
the base peak at 1127.1. On the other hand, ESI-MS in the negative ion mode is 
successful in characterizing the ClO4-, which shows a strong peak at 99.1. 
 
2.3.3 X-ray Structure of [NaL6(V=O)6]ClO4·2CH3OH 
The lattice consists of discrete hexanuclear monocations, perchlorate anions and 
methanol molecules of crystallization. The X-ray structure confirms that a wheel shaped 
hexanuclear vanadium complex has indeed been formed with six octahedral vanadium 
centers and one central Na+ cation. 
 
 
N
HO OH
+   VCl3  +  2NaOMe
i) In MeOH, refluxed 
   under Ar 
ii) NaClO4 [NaL6(V=O)6]ClO4  
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Table 2.3.1a Selected Bond Lengths (Å) and Angles (deg) of Complex 2. 
 
 Bond Lengths (Å)  Bond Lengths (Å) 
V(1)···V(2) 3.276 V(2)···V(3) 3.269 
V(3)···V(4) 3.275 V(4)···V(5) 3.265 
V(5)···V(6) 3.295 V(6)···V(1) 3.296 
Na(1)-O(14) 2.301(7) Na(1)-O(24) 2.294(7) 
Na(1)-O(34) 2.305(7) Na(1)-O(44) 2.295(7) 
Na(1)-O(54) 2.334(7) Na(1)-O(64) 2.262(7) 
V(1)-O(1) 1.620(7) V(1)-O(17) 1.944(7) 
V(1)-O(64) 1.987(7) V(1)-O(27) 2.050(6) 
V(1)-O(14) 2.197(6) V(1)-N(11) 2.198(9) 
V(2)-O(2) 1.613(7) V(2)-O(27) 1.953(6) 
V(2)-O(14) 1.992(6) V(2)-O(37) 2.025(6) 
V(2)-O(24) 2.193(6) V(2)-N(21) 2.209(8) 
V(3)-O(3) 1.616(6) V(3)-O(37) 1.970(6) 
V(3)-O(24) 2.015(6) V(3)-O(47) 2.044(6) 
V(3)-O(34) 2.204(6) V(3)-N(31) 2.192(8) 
V(4)-O(4) 1.621(6) V(4)-O(47) 1.959(6) 
V(4)-O(34) 1.992(6) V(4)-O(57) 2.049(6) 
V(4)-O(44) 2.195(6) V(4)-N(41) 2.192(8) 
V(5)-O(5) 1.626(6) V(5)-O(57) 1.942(6) 
V(5)-O(44) 1.984(5) V(5)-O(67) 2.029(6) 
V(5)-O(54) 2.219(6) V(5)-N(51) 2.194(8) 
V(6)-O(6) 1.608(7) V(6)-O(67) 1.966(6) 
V(6)-O(54) 1.997(6) V(6)-O(17) 2.065(6) 
V(6)-O(64) 2.204(6) V(6)-N(61) 2.174(8) 
Bond Angles (deg) Bond Angles (deg) 
O(17)-V(1)-O(27) 159.4(3) O(27)-V(2)-O(37) 160.4(3) 
O(1)-V(1)-O(14) 160.2(3) O(2)-V(2)-O(24) 161.2(3) 
O(64)-V(1)-N(11) 151.7(3) O(14)-V(2)-N(21) 153.2(3) 
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O(37)-V(3)-O(47) 160.1(3) O(47)-V(4)-O(57) 160.0(3) 
O(3)-V(3)-O(34) 160.7(3) O(4)-V(4)-O(44) 160.9(3) 
O(24)-V(3)-N(31) 151.3(3) O(34)-V(4)-N(41) 151.4(3) 
O(57)-V(5)-O(67) 159.8(3) O(67)-V(6)-O(17) 159.0(3) 
O(5)-V(5)-O(54) 160.2(3) O(6)-V(6)-O(64) 159.8(3) 
O(44)-V(5)-N(51) 152.7(3) O(54)-V(6)-N(61) 152.3(3) 
 
 
The crystal structure of 2 consists of a V6 loop with crystallographic Ci symmetry. 
There are two crystallographically independent molecules in a unit cell. Selected bond 
lengths and angles for 2 are given in full detail in Table 2.3.1a. Oxidation states for the 
vanadium ions in these hexanuclear complexes are readily assigned by examining the 
bond distances in each vanadium ion. Many compounds containing vanadium(IV) ions 
exhibit the classic Jahn-Teller distorted geometry expected for d1 system, making the 
identification of this oxidation state for vanadium straightforward.  
All the vanadium centers are six coordinate and possess distorted octahedral 
geometry. The octahedral environment of each V(IV) ion is comprised of four alkoxo O 
atoms, a N- atom from the N-methyldiethanolamine ligand, and a terminal O atom. The 
lengths of the V-O bonds range from 1.944(7) to 2.197(6) Å, V-N bonds are from 
2.174(8) to 2.219(6) Å, and V=O bonds are from 1.613(7) to 1.626(6) Å. All the V(IV) 
ions are crystallographically equivalent as can be seen in Figure 2.3.3a. The cyclic core 
shown in Figure 2.3.3b, is comprised of edge-sharing VO5N octahedrons to each other 
and to the central NaO6 unit. Two types of µ-oxo (µ2 and µ3 ) groups are associated with 
cyclic core and the charge balance  and bond distance analysis indicate that both are 
deprotonated. There is a significant amount of H-bonding between the terminal oxygen of 
vanadium and the proton of the MeOH solvent molecule with the H···O···H separation in 
the range 2.746-2.760 Å. An oxygen from the counter anion also participates in H-
bonding with the proton of the solvent molecule. 
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Figure 2.3.3a An ORTEP representation of [NaL6(V=O)6]ClO4 (40% ellipsoids). Color 
code: V, purple; Na, green; O, red; N, blue; C, grey. 
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Figure 2.3.3b An ORTEP representation of the core structure of the metal and their 
coordination geometry (40% ellipsoids) (top view). 
 
Table 2.3.2a  Selected Dihedral Angles (deg) of Complex 2. 
O(1)V(1)V(2)/ V(1)V(2)O(2) 70.3 O(2)V(2)V(3)/ V(2)V(3)O(3) 70.2 
O(3)V(3)V(4)/ V(3)V(4)O(4) 69.1 O(4)V(4)V(5)/ V(4)V(5)O(5) 71.2 
O(5)V(5)V(6)/ V(5)V(6)O(6) 72.6 O(6)V(6)V(1)/ V(6)V(1)O(1) 71.1 
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Figure 2.3.4c An ORTEP representation of the core structure of the metal and their 
coordination geometry (40% ellipsoids) (side view). Angle indicates the angle between 
the xy-planes of V(1) and V(2) centered.  
 
 
 
 
 
91.9º N21 
O27 
O2 
O37 
O14 
O64 
N11 
O17 
O2 
Chapter 2  
 44 
Table 2.3.2b Angles (deg) Between the xy-Planes of Two Consecutive Vanadium Ions of 
Complex 2. 
Plane 1 Plane 2 Angle between 
plane 1 & 2 (deg) 
O(64)O(17)V(1)N(11)O(27) O(14)O(27)V(2)N(21)O(37) 91.9 
O(14)O(27)V(2)N(21)O(37) O(24)O(37)V(3)N(31)O(47) 88.1 
O(24)O(37)V(3)N(31)O(47) O(34)O(47)V(4)N(41)O(57) 86.2 
O(34)O(47)V(4)N(41)O(57) O(44)O(57)V(5)N(51)O(67) 91.7 
O(44)O(57)V(5)N(51)O(67) O(54)O(67)V(6)N(61)O(17) 89.0 
O(54)O(67)V(6)N(61)O(17) O(64)O(17)V(1)N(11)O(27) 88.2 
 
The selected dihedral angles and the angles between the xy-plane of two 
consecutive vanadium ions have been given in Table 2.3.2a and Table 2.3.2b, 
respectively. The dihedral angles between two consecutive V=O (Table 2.3.3a) are 
approximately 70º. The bridging oxygen atoms are coordinated through the px orbital 
with one vanadium atom and through the py orbital with the next vanadium atom. The 
angles between two consecutive xy-planes of vanadium containing VNO3 are in the range 
of 86.2 – 91.9º, shown in figure 2.3.3c. Analysis of the dihedral angles between the plane 
enables us to say that the xy-planes of two consecutive vanadium ions are mainly 
orthogonal to each other.  
 
2.3.4 Magnetic Properties of Complex 2 
Magnetic susceptibility data measured on a polycrystalline sample of 2 at B = 1 T 
are displayed in Figure 2.3.4a as µeff per molecule vs temperature. At 290 K, µeff is equal 
to 4.36 µB (χM·T = 2.377 cm3 K mol-1) which is slightly higher than the high-temperature 
limit expected for six magnetically uncoupled S = ½ centers presuming g = 2.0. Upon 
cooling µeff continuously increases and reaches a maximum of 6.44 µB at about 10 K 
(χM·T = 5.189 cm3 K mol-1). This magnetic behavior is characteristic of ferromagnetic 
coupling between the adjacent vanadium(IV) centers within the wheel. Below 5 K, µeff 
drops to 5.99 µB (χM·T = 4.491 cm3 K mol-1) and may be due to the combined effects of 
field saturation and intermolecular interactions. The magnetic susceptibility data of the 
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equation 1 
equation 2 
equation 3 
same polycrystalline sample of 2 at B = 0.1 and 0.01 T were also measured and are 
displayed in Figure 2.3.4b and Figure 2.3.4c respectively as µeff per molecule vs 
temperature. For these two measurements µeff changes in a similar fashion as that for B = 
1 T measurement, from room temperature to low temperature, except for the 2 K 
measurement. At 2 K µeff value is also increasing at B = 0.1 and 0.01 T unlike B = 1 T.  
  
 The experimental results have been described using the Heisenberg six-atom ring 
model (S = ½) 33 . According to model the Hamiltonian is  
                          6 
 H = - 2J∑SiSi+1 - gµBH.∑Si                                                      
                                      
i=1 
where S7 is defined as S1. The energy of the levels for this system was obtained accord as 
Orbach et.al.33 Using those values in van Vleck’s equation gives  
  
  
 
To consider the intermolecular interaction, we use equation 3,   
  
                                           
where θ is the intermolecular exchange interaction. The best fit parameters are given in 
the table 2.3.4. 
Table 2.3.4 Best Fit Parameters of 2. 
B (T) J (cm-1) g TIP (cm3/mol) Θweiss 
1 
0.1 
0.01 
16.7 
17.0 
16.4 
1.97 
1.97 
1.97 
360.0x10-6 
644.5x10-6 
661.1x10-6 
0.205 
0.074 
0.070 
 
χΜ = 
NA -2E(n)(2) + {E(n)(1)}2 / KT exp(-E(n)(0) /KTΣ
n
exp(-E(n)(0) /KTΣ
n
χM = 
χ0
1−(2θ /NΑg2µB2)χM
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Figure 2.3.4a Temperature-dependence of the magnetic moment µeff/molecule for 
complex 2, V6 loop, at an applied magnetic field 1 T. 
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Figure 2.3.4b Temperature-dependence of the magnetic moment µeff/molecule for 
complex 2, V6 loop, at an applied magnetic field 0.1 T. 
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Figure 2.3.4c Temperature-dependence of the magnetic moment µeff/molecule for 
complex 2, V6 loop, at an applied magnetic field 0.01 T. 
Electronic configuration of vanadium(IV) is d1. Thus the coupling between the 
oxovanadium(IV) centers is determined by the interaction between the xy magnetic 
orbitals because this is where the d-electron is housed. The angles between two 
consecutive xy-planes of vanadium containing VNO3 are near to 90º. Thus the interacting 
magnetic orbitals are getting accidental orthogonality to show the ferromagnetic 
exchange interactions. A possible scheme of the interaction in such a wheel shaped 
oxovanadium(IV) compound is suggested in Figure 2.3.4d. Weak coupling constants may 
be attributed to the lack of efficient interaction of the magnetic orbitals, which are 
considered as dxy, because of the cyclic nonplanar structure of the V6 subunit. It is 
believed that the magnetic coupling pathways can also be afforded by double µ-O 
bridging groups. Magneto-structural correlations have been established for oxo-bridged 
[V-µ2O-V] fragments wherein ferromagnetic coupling was observed due to the 
orthogonality of the dxy magnetic orbitals (where a local reference system with the x and 
y axis pointing towards the oxo-bridging ligands is considered). Regarding the 
intermolecular exchange interaction, without Θweiss it does not fit well at lower 
temperature (2-15 K). If we look at the intermolecular distances, 6.296 Å is the shortest. 
Again there are two crystallographically identical molecules in a unit cell. So we can not 
avoid the intermolecular interaction. Finally, we have carried out the magnetic moment 
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measurements at different magnetic field to know the change of magnetic moment values 
at low temperature (2 – 10 K) with magnetic field. In that sense these values do not 
change significantly and the fitting parameters show that only the SQUID is not enough 
to say the exact value of the coupling constants. SQUID analysis allows us to get the idea 
of the coupling constants at a certain range. 
 
 
Figure 2.3.4d The orthogonal arrangement of dxy orbitals of six VIV sites of syn-vanadyl 
groups may give rise to the ferromagnetic exchange interactions. 
 
  
  
 Figure 2.3.4e Magnetic orbitals for di-µ-oxo bridged oxovanadium pairs. 
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2.4 Experimental Section 
[NaI2{NiII4(HL)3(OOCCH3)5(HCOO)0.5}4]·3CH3CN·21H2O (1) 
A solution of Ni(CH3COO)2·4H2O (1.0 g, 4 mmol) in dry MeOH (40 mL) was 
treated with N-methyldiethanolamine (H2L) (0.36 g, 3 mmol) and NaOCH3 (0.32 g, 6 
mmol). The resulting green solution was heated to reflux for two hours in presence of air. 
Methanol was removed in vacuo to obtain a green solid, which was recrystallized from 
acetonitrile, X-ray quality crystals in 70% yield grew over two days. MS-ESI (pos.) in 
MeOH: m/z, 820.0, 704.0, 644.9, MS-ESI (neg.) in MeOH: m/z, 2819.5, 2219.7, 1619.8, 
767.0. UV-vis in MeOH: λmax (ε, M-1 cm-1): 1105 (110), IR (KBr, cm-1): 3412, 2873, 
1622, 1590, 1449, 1058, 1022, 905, 884, 667, 566. 
Elemental analysis: 
 %C %H %N %Ni 
Calculated 31.2 6.2 4.7 22.6 
Found 32.2 6.1 4.95 23.5 
 
[NaL6(V=O)6]ClO4·2CH3OH (2) 
Reaction of VCl3 (0.32 g, 2 mmol) with N-methyldiethanolamine (LH2) (0.24 g, 2 
mmol) and NaOCH3 (0.22 g, 4 mmol) in dry methanol yielded a green solution which 
was heated to reflux for three hours. The solution was kept as it was for two days under 
inert atmosphere but no change observed. NaClO4 was added to the solution, and the 
color turned blue very slowly. X-ray quality deep blue crystal was obtained by slow 
evaporation of methanol solution for two days. MS-ESI (pos.) in MeOH: m/z, 1127.1 
(100%) [M-ClO4]+, MS-ESI (neg.) in MeOH: m/z, 99.1 (100%)ClO4-. IR (KBr, cm-1): 
2865, 1645, 1567, 1459, 1075, 1037, 978, 897, 660, 585, 514.  
Elemental analysis: 
 %C %H %N %V 
Calculated 29.8 5.8 6.5 23.7 
Found 29.5 5.9 6.4 23.2 
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3.1 Introduction 
 Complexes containing two or more metal ions are of increasing interest because 
of their relevance to biological systems1 (as evidenced by the many multinuclear 
complexes in biology) and to molecular magnetism.2 Polynuclear systems are also ideal 
candidates for the synthesis of single-molecule magnets3 (SMMs). The prerequisites for 
molecules to show SMM behavior are the presence of a high-spin ground state and a 
significant negative zero-field-splitting parameter D.4 So, the interest in polynuclear 
complexes of 3d transition metals has been augmented by the search for new magnetic 
clusters. Furthermore the fundamental understanding regarding the factors that determine 
the spin state of polynuclear transition metal complexes owes much to the study of 
compounds where magnetostructural correlations5 can be established in a systematic way. 
  One of the most fertile areas in transition metal polynuclear complexes is based 
on oxime6-11  ligand, because of the propensity of the oxime function (C=N-O) for 
varying bridging modes to yield magnetically interesting compounds. That the oximate as 
bridging ligands can efficiently transmit exchange coupling has also been well 
documented. Moreover, manganese (III) is known to have a large single-ion zero-field 
splitting and often gives rise to ferromagnetic coupling; thus, polynuclear manganese (III) 
complexes are potential candidates for SMMs. As far as MnIII complexes bridged by only 
oximate group are quite rare, although complexes in presence of other co-bridging 
ligands like oxo, hydroxo or carboxylate are not unprecedented. Polynuclear MnIII 
complexes with oximate (-N-O-) bridges have been reported recently,7b, 8j, 9 however the 
coexistence of the multibridging pathways precludes clear studies on the magnetic 
coupling via oximate bridge only. To clarify the nature of exchange interaction via 
oximate pathway, the synthesis of such compound is expected. Working towards this 
goal, we did successfully furnish such an interesting 1D MnIII complex, 
An Unprecedented Single Oximate-Bridged One-
Dimensional Chain: Ferromagnetically Coupled ST=4 
Ground State via MnIII-N-O-MnIII Bridge 
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[MnIII2(HImOx)4(CH3COO)2]n (3) which is composed of dimeric MnIII unit connected by 
single oximato bridge.  
3.2 Synthesis 
 Reaction of imidazolealdoxime (HImOxH) with the well known Mn(III) 
carboxylate triangles [Mn3O(CH3COO)6(H2O)3](CH3COO) in MeOH-MeCN mixture 
afforded [MnIII2(HImOx)4 (CH3COO)2]n  The formulation of 3 can be summarized in 
equation 1. 
          
3.3 Infrared Spectroscopy 
 Since the relevant bands in the IR spectra of comparable oxime-containing homo- 
and heterometal complexes have been described earlier7 and the spectrum of complex 3 is 
also very similar, we refrain from discussing that.   
 
3.4 X-ray Structure 
Complex 3 crystallizes in the triclinic space group P-1 and the lattice consists of 
1D chain containing the {MnIII2} unit, Figure 3.1 displays the structure of the neutral 
molecule in 3. The selected bond distances and angles are listed in Table 3.1. The X-ray 
structure confirms that a linear 1D complex has indeed been formed in such a way that 
each alternate manganese center is in MnN2O4 and MnN4O2 coordination environment, 
respectively.  
  All of the oxime groups are deprotonated and the manganese atoms are linked 
together via single oximato bridge. Mn(1) center is coordinated by two imidazole 
nitrogen atoms N(1) and symmetry equivalents (Mn(1)-N(1) bond distance 1.997Å), two 
oximato oxygen atoms O(1) and symmetry equivalents (Mn(1)-O(1) bond distance 
1.90Å) and two carboxylato oxygen atoms O(21) and symmetry equivalents (Mn(1)-
O(21) distance 2.216Å) thus giving a distorted N2O4 octahedral environment; whereas 
Mn(2) is coordinated by two imidazole nitrogen atoms N(2) and symmetry equivalents 
12 HImOxH + 2 Mn3O(CH3COO)6(H2O)3](CH3COO) 
 
 
 
 
  2 [MnIII2(HImOx)4(CH3COO)2]n  + 8 H2O +  8 CH3CO2H 
MeOH:MeCN (1:1)                   equation 1 
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(Mn(1)-N(11) bond distance 2.001Å), two oximato nitrogen atoms N(7) and symmetry 
equivalents (Mn(1)-N(7) bond distance 2.313Å) and two oximato oxygen atoms O(18) 
and symmetry equivalents (Mn(1)-O(18) distance 1.897Å) and is in distorted N4O2 
coordination environment.  
 
 
Figure 3.1 An ORTEP plot of [MnIII2(HImOx)4(CH3COO)2]n 3 (40% ellipsoids). H atoms 
are omitted for clarity. 
 
Figure 3.2 A 3-D network of 3. H atoms are omitted for clarity. 
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Table 3.1 Selected Bond Lengths (Å) and Angles (deg) of Complex 3. 
Mn(1)···Mn(2) 5.002   
Mn(1)-O(8) 1.900(3) Mn(2)-O(18) 1.896(3) 
Mn(1)-O(8)#1 1.900(3) Mn(2)-O(18)#2 1.896(3) 
Mn(1)-N(1) 1.997(3) Mn(2)-N(11) 2.001(4) 
Mn(1)-N(1)#1 1.997(3) Mn(2)-N(11)#2 2.001(4) 
Mn(1)-O(21) 2.216(3) Mn(2)-N(7) 2.314(3) 
Mn(1)-O(21)#1 2.216(3) Mn(2)-N(7)#1 2.314(3) 
C(6)-N(7) 1.294(5) N(7)-O(8) 1.345(4) 
C(16)-N(17) 1.296(6) N(17)-O(18) 1.354(4) 
Bond Angles (deg) Bond Angles (deg) 
O(8)#1-Mn(1)-O(8) 180.0 O(18)#2-Mn(2)-O(18) 180.0 
N(1)#1-Mn(1)-N(1) 180.0 N(11)#1-Mn(2)-N(11) 180.0 
O(21)-Mn(1)-O(21)#1 180.0 N(7)-Mn(2)-N(7)#2 180.0 
O(8)-Mn(1)-N(1) 90.67(12) O(18)-Mn(1)-N(11) 89.95(13) 
O(8)#1-Mn(1)-N(1)#1 90.68(12) O(18)#2-Mn(1)-N(11)#2 89.95(13) 
N(7)-O(8)- Mn(1) 131.5(2) N(17)-O(18)- Mn(2) 131.5(2) 
 
The Mn-O-N angles fall in the range of 131.5° and are similar to that of Mn-O-N 
angle observed in MnIIINiIIMnIII single chain magnet;11 whereas the Mn-Oox bond 
distance is about 1.9 Å. The apical Mn-Ocarboxylate bond lengths in Mn(1) and Mn-Nox 
bond lengths in Mn(2) are significantly larger than the equatorial ones as expected for 
Jahn-Teller distorted MnIII ions with d4 electronic configuration. The torsion angle of 
Mn(1)–O(8)–N(7)–Mn(2) in [Mn2]n are 171.4°. The interatomic Mn–Mn distance is 
5.002 Å(5).  
    
3.5 Magnetic Properties 
The dc magnetic susceptibility data for a polycrystalline sample of 3 were 
collected in the temperature range 2–290 K in an applied magnetic field of 1 T. The 
magnetic moment µeff vs. T plot with an applied field of 1 T for 3 in the range 2-290 K is 
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shown in Figure 3.3.  The magnetic moment (µeff) at 290 K is 7.1 µB (χM·T = 6.225 cm3 
mol-1 K), which is significantly greater than the spin-only value of 6.93 µB for two high-
spin Mn(III) ions. On lowering the temperature, µeff increases monotonically reaching at 
20 K a maximum value of 7.66 µB (χM·T = 7.329 cm3 mol-1 K), which is close to the 
value of 8.94 µB for a hypothetically isolated S = 4.0 with g = 2.0. An St = 4.0 value is 
expected as the ground state resulting from ferromagnetic interactions between two spins 
of S = 4/2. Below 20 K there is a decrease in µeff for 3, which reaches a value of 4.00 µB 
(χM·T = 2.00 cm3 mol-1 K) at 2 K. The sharp drop at the lower temperatures might be to 
due to the zero-field splitting (D) of the ground state and/or very weak intermolecular 
antiferromagnetic interactions. 
The susceptibility of [MnIII2]n  3, was calculated by using a full-matrix 
diagonalization approach of the spin Hamiltonian: 
        H = -2J S1S2 + DMn ∑Sj2+ gµBH ∑Sj; where D is the axial single ion zero-field 
splitting parameter (ZFS).  The consideration of all these parameters includes a simple 
calculation of the dimer’s spin levels by Kambe method.14 The correspondingly 
calculated (Figure 3, solid line) µeff vs. T curve, with J = + 1.4 cm-1, DMn = - 3.6 cm-1 and 
gMn = 2.02, shows very good agreement with the experimental data. No other terms were 
used for the simulation shown in Figure 3.3.  The ferromagnetic nature of exchange 
coupling interaction in 3 can be explained by assuming prevalent eg-eg contributions. 
Given the elongated natute of the distortion from octahedral symmetry, the dx2-y2 orbitals 
are empty. Due to the arrangement of local elongated axes in the structure dz2 magnetic 
orbitals have a non-zero overlap with the empty dx2-y2 orbitals. This dx2-y2 dz2 
pathway via oximate (C=N-O) bridge is expected to provide a ferromagnetic exchange 
interaction.12 
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Figure 3.3 Temperature-dependence of the magnetic moment µ eff of 3 at an applied 
magnetic field of 1 T. The bold points represent the experimental data while the solid line 
represents the simulation. 
 
To determine the spin ground state, magnetization data were collected at 1, 4 and 
7 T in the temperature range 2-290 K and plotted as reduced magnetization (M/Ngβ) vs. 
(βH/kT) (vide infra), where N is the Avogadro’s number, β is the Bohr magneton and k is 
the Boltzmann's constant (Figure 3.4). For a system occupying only the ground state and 
experiencing no zero-field splitting (D), the various isofield lines would be superimposed 
and M/Ngβ would saturate at a value S. The non-superposition of the variable 
temperature variable field (VTVH) plots at low temperature clearly indicates the presence 
of zero-field splitting (ZFS or D).  
The experimental magnetic data were analyzed on the basis of the Spin 
Hamiltonian: H = - 2J ∑ SiSj + DMn ∑Sj2 + gµBH ∑Si; where D is the axial single ion 
zero-field splitting parameter (ZFS).Attempts to simulate the data by using the method of 
full-matrix diagonalization of the spin Hamiltonian matrix including axial ZFS, with the 
pairwise exchange interactions, produced best fits with, J = + 1.0 cm-1, DMn = |3.5 ± 0.2| 
cm-1 and gMn = 1.98. 
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Figure 3.4 Variable temperature variable field (VTVH) magnetic data for 3, plot of M/Ngß 
vs. ßH/kT. The bold points represent the experimental data while the solid line represents 
the simulation. 
It is also well known that Mn(III) complexes exhibit a large anisotropy (typically 
D ∼ -4 cm-1 for an elongation). The D values are in accord with the literature data.4,13 It 
should be pointed that the main source of the molecular anisotropy is due to the presence 
of two Jahn-Teller distorted MnIII ions. The projections of these single-ion anisotropies 
onto the molecular anisotropy axis will determine the molecular parameter D.  As it is 
difficult, if not impossible, to determine the sign of ZFS parameter from powder 
magnetic susceptibility measurements, one should not put too much weight on the 
absolute value of D as a parameter that was included in the simulation of magnetic 
measurement. To confirm that simulated parameters are the true global rather than a local 
minimum, and to assess the uncertainty in the simulated J and D values, a two-
dimensional contour projection of the relative error surface for fitting the magnetic data 
as a function of both J and D was generated using a computer program (Figure 3.5).15 It 
can be concluded that the above parameters lie well in a global minimum in the 
parameter space for this system and allow us to estimate the approximate error bars on 
the J and D values: J = + 0.1 ± 0.1 cm–1 and D = – 4.2 ± 1.2 cm–1. 
    Noteworthy is that the simulation is much superior with negative D value 
although it is difficult to accurately estimate the sign of D from bulk magnetic data. 
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These parameters are in well accord with the literature value. The ferromagnetic nature of 
the oximate mediated coupling in the chain compound is quite clear from the above 
analysis. Weak ferromagnetic exchange interaction between high spin d4 MnIII ions 
through oximate bridged is known in some of the complexes and in the range of 0.4 to 
6.5 cm-1. Intermolecular antiferromagnetic interactions and pi-pi stackings involving the 
imidazole rings interactions are negligible due to the larger separations (> 8 A).  
 
 
 
 
Figure 3.5 Error contour plot (in relative units) obtained for D and J value varied in the 
range -8 to 6 cm-1 and -3.0 to 4.0 cm-1, respectively. 
In summary, we have successfully prepared a single oximato-bridged [MnIII2]n in a 
facile way. As far as we are aware, the title complex is the first reported single oximato-
bridged 1-D chain MnIII complex. Ferromagnetic MnIII-MnIII coupling stabilizes an ST = 4 
ground state and a negative axial zero-field-splitting parameter (DMn) has been observed. 
This work shows that the oximato-bridged MnIII complexes should form an interesting 
system of high-spin molecule. Future work involves the synthesis of more oximato-bridged 
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MnIII complexes to gain a clear magnetostructural relationship and to improve the magnetic 
properties. 
 
3.6 Experimental Section 
1-H-2-imidazolecarboxaldehyde oxime (HImOxH)  
2-Imidazole carboxaldehyde (2.0 g, 21 mmol) was dissolved in MeOH (25 cm3), a 
solution of hydroxylamine hydrochloride (1.6 g, 23 mmol) and NaOH (0.95 g, 23 mmol) in 
MeOH·H2O (15 cm3, 2:1 by volume) was prepared and added to the 2-imidazole 
carboxaldehyde solution. The resulting solution was heated to reflux with stirring for 1 h. 
After removing methanol a white precipitate began to form. The mixture was cooled and 
the white precipitate was collected by suction filtration and recrystallized from MeOH. 1H 
NMR (CD3OD, 400 MHz): δ 7.08-7.38 (3H), 7.96 (1H); MS: m/z 111 (M+, 100%); IR 
(KBr) υ = 3195 (NH), 1625 (CN), 1094, 984 (NO), 1532, 1497, 1440 (imidazole) cm-1. 
 Elemental Analysis: 
 %C %H %N 
Calculated 43.2 4.5 37.8 
Found 43.1 4.6 38.0 
 
[MnIII2(HImOx)4(CH3COO)2]n (3) 
 To a brown solution of Mn3O(CH3COO)6(H2O)3](CH3COO) (0.66 g, 1 mmol) in 
MeOH-MeCN (30 mL, 1:1 by volume) solid HImOxH (0.33 g, 3 mmol) was added with 
stirring. The resulting solution was heated to reflux for 1 h yielding a brown solution. On 
cooling a deep brown microcrystalline solid separated out. X-ray quality crystals in 75% 
yield grew over two days from a MeOH-MeCN (1:1) solution. IR (KBr): υ = 1636 (CN), 
1093 (ClO4-), 1003 (NO), 1565, 1512, 1464 (imidazole) cm-1. 
Elemental analysis: 
 %C %H %N %Mn 
Calculated 35.9 3.3 25.2 16.4 
Found 35.5 3.4 25.6 16.2 
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4.1 Introduction 
The last two decades have witnessed an upsurge in studies related to magnetism 
with the aim of understanding the phenomenon of exchange coupling.1 Particularly, 
designed synthesis of multinuclear complexes exhibiting ferromagnetic exchange 
coupling has attracted the unbeaten interest of inorganic chemists, and deals with two-
fold challenges:  i) synthesis and ii) control of the mechanism of exchange coupling.2  
When the interacting centers are sufficiently close so that the exchange interaction 
is mediated via small bridging group like oxo, hydroxo, etc, then the sign of the 
interaction depends on the relative symmetries of the two magnetic orbitals involved, in 
accord with the Goodenough-Kanamori rules,3 and this principle has been exploited in 
controlling the magnetic properties of polynuclear coordination complexes.1,4 When the 
interacting orbitals are not close together, the interaction is more dependent on the 
orbitals of the bridging ligand in two mechanistic ways: i) superexchange and ii) spin 
polarization mechanisms. The superexchange mechanism arises from the mixing of the 
pure metal orbitals with the orbitals of the bridging ligand which suggests magnetic 
orbitals may not be pure but also have a significant ligand-based component, and in such 
cases overlap of the magnetic orbitals can still occur. 
 Another well known strategy to explain the magnetic properties between the 
interacting paramagnetic centers when they are not close to each other, is the spin 
polarization mechanism. This mechanism arises from the molecular orbital model 
proposed by Longuet-Higgins for conjugated alternate hydrocarbons,5 which results in 
ferromagnetic coupling between two radicals separated by a m-phenylene bridge. This is 
due to the two unpaired electrons residing in a pair of mutually orthogonal but degenerate 
SOMOs.5a A consequence of this molecular orbital behavior is the well-known alteration 
A Ferromagnetically Coupled Diiron(III) Complex 
with a m-Phenylenediamine Based Ligand: Spin 
Polarisation 
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of α and β spin density induced on the investigated atoms, which has actually been 
detected and measured in some cases.5b,c This simple principle has been the driving force 
behind the preparation of numerous organic polyradicals exhibiting a very high spin  
ground state, Figure 4.1a,5 however this mechanism has received relatively limited 
attention. The use of m-phenylene based linkages to achieve parallel spin coupling in 
transition metal complexes has indeed been successful in some cases2 and anti 
ferromagnetic interactions have also been reported.6 
 
 
 
 
Figure 4.1a A possible scheme for interaction of diradical systems using spin 
polarization mechanism. 
 
In our research into ligand design as a means to control the electronic and 
magnetic properties of polynuclear complexes, we prepared the new ligand, N'N-di(3,5-
di-tert-butyl-salicylidene)-1,3-diaminobenzene (L"H2), (Figure 4.1b) using meta 
phenylenediamine as a linker.7 This ligand can not act in a tetradentate manner towards a 
metal ion to give a monomeric unit. Instead, it can self-assemble with metal ions in a 2:2 
or 2:3 ratios to give a dimeric metal complex. Here we report a diferric(III) 
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[L"2Fe2(NO3)2] 4, which exhibits ferromagnetic coupling through spin polarization 
mechanism. 
 
Figure 4.1b The structure of N'N-di(3,5-di-tert-butyl-salicylidene)-1,3-diaminobenzene 
(L"H2). 
4.2 Synthesis 
 The reaction of FeIII(NO3)3.9H2O with L"H2, in a 1:1 ratio in methanol yield dark 
green solid which is the dinuclear complex L"2FeIII2(NO3)2, 4 (Figure 4.2). X-ray quality 
crystals of 4 were obtained by diffusion of hexane into a methylene chloride solution of 
4. 
 
Figure 4.2 Synthesis of L"2FeIII2(NO3)2, 4. 
 
4.3 Infrared Spectroscopy and Mass Spectrometry 
The band in the IR spectrum of complex 4 at around 2900 cm-1 corresponds to the 
C-H stretching of the tert-butyl groups of the ligand. A strong intense peak at 1384 cm-1 
is assigned to the N-O stretch of nitrate ions. The absorption peaks at 1577 cm-1 and 1534 
cm-1 are assigned to the C=N and C=C stretches, respectively.  
NN CC
HH
OH HO
+   FeIII(NO3)3.9H2O 
L"H2 
reflux
MeOH [L"2Fe
III
2(NO3)2] 
NN CC
HH
OH HO
 L"H2 
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 ESI-MS in the positive ion mode has been very successful in characterizing 
complex 4. The monopositively charged species [M-NO3]+ is observed as the base peak 
at m/z = 1250.7; an additional peak at m/z = 594.5 is due to the [M-2(NO3)]2+ ion. 
Further more, ESI-MS in the negative ion mode was successful in characterizing the 
[M+NO3]- ion, which shows a strong peak at m/z = 1374.8. 
 
4.4 Electronic Spectroscopy 
 The electronic absorption measurement was performed on a 1x10-4(M) methylene 
chloride solution of 4, shown in Figure 4.3. The electronic absorption spectrum of 4 in 
dry methylene chloride exhibits a ligand to metal charge transfer (LMCT) band at 635 nm 
with an extinction coefficient of 11.4 x 103 M-1cm-1 and a pi-pi* transition of the 
coordinated ligand at 367 nm with an extinction coefficient of 32.0 x 103 M-1cm-1. No 
pure d-d transitions are observed due to the d5 h.s. electronic configuration of the metal. 
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Figure 4.3 Electronic spectrum for complex 4 at room temperature in dry CH2Cl2. 
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4.5 X-ray Structure of [L"2Fe2(NO3)2] 
The molecular geometry and atom labeling scheme of 4 are shown in Figure 4.4. 
Crystallographic analysis of the complex revealed that the structure of 4 can be 
formulated as [FeIII2L"2(NO3)2]. One hexane and one dichloromethane molecule are 
present as solvent of crystallization. The selected bond distances and angles are listed in 
Table 4.1. 
 
Figure 4.4 An ORTEP plot of [L"2Fe2(NO3)2]·CH2Cl2·hexane 4 (40% ellipsoids). H 
atoms are omitted for clarity. 
 
The neutral molecule 4 contains two FeN2O4 hexacoordinated cores separated by 
a m-phenylene spacer. The coordination geometry of each iron ion is pseudo-octahedral, 
resulting, from coordination of two oxygen atoms of a chelating nitrate ion, two 
phenolate oxygen atoms and nitrogen atoms from the m-phenylene linkers. The average 
values of the Fe-N and Fe-O distances agree well with those reported for high-spin ferric 
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ions,8 thus, the average bond lengths are Fe-N at 2.13 ± 0.06 Å, Fe-O (phenoxide) at 1.88 
± 0.01 Å and Fe-O (nitrate) at 2.19 ± 0.06 Å. The Fe-O (nitrate) bond lengths are 
significantly longer than the Fe-O (phenoxide) bonds which could be because of some 
ionic character in the Fe-O (nitrate) bonds. 
Scheme 4.1 Dimensions of the Metallamacrocyclic Moiety of Complex 4. 
 
 
 
Figure 4.5 Side view of the [Fe2(η2:η2-L")2(NO3)2] unit of 4 with the relevant dimensions 
for the metallamacrocyclic moiety. 
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The deprotonated ligand [L"]2- acts in a bis-bidentate fashion to generate a 12-
membered metallmacrocycle, [Fe2(η2:η2-L")2]2+-unit, which is depicted in Scheme 4.1, 
and Figures 4.5 and 4.6, the positive charge of which is neutralized by two chelating 
nitrate monoanions yielding the neutral complex 4 [L"2Fe2(NO3)2]. The intramolecular 
iron-iron separation, Fe(1)···Fe(2), is 7.90 Å, while the shortest intermolecular separation 
between metals is 7.78 Å. The m-phenylene linkers are almost parallel with a dihedral 
angle of only 1.1º between the two benzene ring planes with an average interplanar 
separation of 3.46 Å. In fact, a rather unusual near to perfect face-to-face pi-pi stacking 
interaction exists between two aromatic rings; a ring carbon atom e.g. C(55) lies just over 
another carbon atom viz. C(12) of the other ring do not superimpose on that of the other 
ring. Interestingly, the 1,3-positions of one benzene ring do not superimpose on that of 
the other ring. 
 
Figure 4.6 Side views of the [Fe2(η2:η2-L")2(NO3)2] unit of 4 with the relevant 
dimensions for the metallamacrocyclic moiety. 
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Table 4.1 Selected Bond Lengths (Å) and Angles (deg) of Complex 4. 
Fe(1)-O(41) 1.859(4) Fe(2)-O(24) 1.863(4) 
Fe(1)-O(1) 1.890(4) Fe(2)-O(64) 1.893(4) 
Fe(1)-N(9) 2.088(5) Fe(2)-N(56) 2.076(5) 
Fe(1)-O(93) 2.140(4) Fe(2)-O(103) 2.129(4) 
Fe(1)-N(49) 2.176(5) Fe(2)-N(16) 2.190(5) 
Fe(1)-O(91) 2.229(4) Fe(2)-O(101) 2.258(5) 
Bond Angles (deg) Bond Angles (deg) 
N(9)-Fe(1)-O(93) 158.5(2) N(56)-Fe(2)-O(103) 154.2(2) 
O(1)-Fe(1)-N(49) 175.3(2) O(64)-Fe(2)-N(16) 176.4(2) 
O(41)-Fe(1)-O(91) 152.4(2) O(24)-Fe(2)-O(101) 152.8(2) 
 
Inspection of the bond angles at the iron centers indicates that the ideal trans-
positioned angles are O(1)-Fe(1)-N(49) at 175.3(2)º and O(64)-Fe(2)-N(16) at 176.4(2)º, 
showing that the best equatorial planes for the iron centers are 
O(91)O(93)O(41)N(9)Fe(1) and O(101)O(103)O(24)N(56)Fe(2); the iron centers are 
displaced only 0.0413 Å from these planes. The two equatorial planes are parallel to each 
other with an angle of only 0.7º. The iron basal planes are not perpendicular to the 
benzene plane and there is an angle of 125.4º between them. The nitrate ions are trans to 
each other (Figure 4.6) and occupy cis-positions, as expected, to the equatorial planes of 
the iron centers in an asymmetric bidentate (η2) mode, as shown by one long (viz. Fe(1)-
O(91) 2.229(4) Å) and one comparatively short (viz. Fe(1)-O(93) 2.140(4) Å) bond 
distances. 
 
4.6 Zero-Field Mössbauer Study 
 The zero-field Mössbauer spectrum of solid 4 at 80 K is shown in Figure 4.7. The 
Mössbauer spectrum yields an isomer shift δ = 0.55 mm s-1 and quadrupole splitting ∆EQ 
= 1.16 mm s-1. These values are in complete accord with the d5 h.s. nature of the ferric 
centers.9 The value for the quadrupole splitting is remarkably large in view of the fact 
that the d5 configuration has no valence contribution of the electric field gradient; 
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presumably this reflects the ionic nature bonds to the iron-nitrate bonds in contrast to the 
covalence of the other ligands. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Mössbauer spectrum of 4 at 80 K. 
 
4.7 Magnetic Properties  
 The magnetic susceptibility data for a polycrystalline dried sample of 4 were 
collected in the temperature range 2–290 K in an applied magnetic field of 1 T, and a plot 
of µ eff (magnetic moment) vs. T (temperature) is displayed in Figure 4.8. At 290 K, the 
effective magnetic moment, µeff, is equal to 8.39 µB (χMT = 8.789 cm3 mol–1 K) which is 
identical to the high temperature limit expected for two magnetically weakly interacting 
iron(III) ions. Upon cooling µeff continuously increases and reaches a maximum of 9.09 
µB at about 5 K (χMT = 8.789 cm3 mol–1 K). This magnetic behavior is characteristic of 
ferromagnetic coupling between the adjacent iron(III) centers within the metallacycle in 
4. Bellow 5 K, µeff drops to 8.02 µB (2 K) due to the combined effects of field saturation, 
exchange and single ion zero-field splitting. 
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To further verify the weak ferromagnetic interaction, variable temperature 
variable field (VTVH) measurements have been performed at 2 – 290 K at 1, 4 and 7 T. 
The molar magnetization per FeIII2 cluster at 1, 4 and 7 T are shown in Figure 4.9. 
Theoretically, when ferromagnetic coupling exists between the paramagnetic centers, the 
magnetization would saturate more rapidly than that in the uncoupled system. On the 
other hand, if the coupling is antiferromagnetic, the magnetization would increase less 
rapidly than that in the uncoupled system. In the case of 4, the magnetization increases 
more rapidly than that of the uncoupled system and saturates at 10 Ngβ, confirms the 
ferromagnetic interaction between the adjacent iron(III) centers.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 Temperature-dependence of the magnetic moment µ eff of 4 at an applied 
magnetic field of 1 T. The bold points represent the experimental data while the solid line 
represents the simulation. 
 
The susceptibility and magnetization data were simulated using an in-house 
package, julX, for exchange coupled systems written by Dr. Eckhard Bill. The simulations 
are based on the usual spin-Hamilton operator for dinuclear ferric complexes with spin S1 
= S2 = 5/2 (equation 1): 
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H = - 2J[S1 . S2]  +  gβ(S1 + S2) . B
+ DFe [Si,z2 - 1/3 S(S + 1) + E/DFe (Si,x2 - Si,y2)]Σi=1,2
 
equation 1 
where gFe is the average electronic g value of the ferric ions, and DFe and E/DFe are the 
axial zero-field splitting and rhombicity parameters. The magnetic moments were obtained 
from the first order derivative of the eigen values of equation 1. Intermolecular interaction 
was considered by using a Weiss temperature, Θw, as perturbation of the temperature scale, 
kT' = k(T - Θw) for the calculation. Powder simulations were carried out using a 16-point 
Lebedev grid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9 Variable temperature variable field (VTVH) magnetic data for 4, plot of M/Ngß 
vs. ßH/kT. The bold points represent the experimental data while the solid line represents 
the simulation. 
Simulation of the experimental data, shown as a solid line in Figure 4.8, yields J = 
0.195 cm-1, D1 = D2 = 0.9 cm-1, gFe = g1 = g2 =2.00 (fix.). The VTVH measurements were 
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also simulated, shown as solid lines in Figure 4.9 with the parameters J = 0.2 cm-1, D1 = D2 
= 0.9 cm-1, gFe = g1 = g2 =2.00 (fixed) for the single-ion g values, axial zero-field splitting 
parameter and the exchange coupling constant. No other parameters were invoked to 
obtain the excellent fits, particularly no TIP (temperature-independent paramagnetism) was  
necessary, or Θweiss to account for inter-molecular interactions. However, since we were 
uncertain about the possible co-variances of DFe and J, we calculated a two-dimensional 
error surface as a function of the two parameters to ensure that there was only one solution. 
From the two-dimensional error surface calculation we could get an idea of how many 
possible solutions are there. The result, shown in Figure 4.10, nicely demonstrates the true 
global solution. For further verification we also calculated the-three dimensional error 
surface as a function of two parameters, DFe and J, shown in Figure 4.11. Both solutions 
demonstrate the true global solution and rule out the presence of the other local minima. 
The range of confidence for the exchange coupling constant is confidently estimated to be 
J = + 0.2 (±0.05) cm-1. 
 
Figure 4.10 Error contour plot (in relative units) obtained for DFe and J value varied in the 
range 0.6 - 1.1 cm-1, and 0.14 - 0.30 cm-1. 
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Figure 4.11 Error surface for DFe and J from spin Hamiltonian simulation for the VTVH 
measurement of solid 4. The goodness-of-fit is given in arbitary units. 
 
For further verification of a positive value of J, we carried out an iso-thermal 
magnetization measurement at 2K in different field, from 0.5 T to 7.0 T. The isothermal 
measurement is shown in Figure 4.12. The best values for the spin-Hamiltonian parameters 
obtained from the corresponding simulations of the iso-thermal magnetization are DFe = 
0.9 cm-1, J = 0.2 cm-1, gFe = g1 = g2 = 2.00 (fixed), which are in accord with the µeff(T) and 
VTVH data. 
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Figure 4.12 An isothermal magnetization measurement performed at 2K. The bold points 
represent the experimental data while the solid line represents the simulation. 
Figure 4.13 Energy level plots for complex 4, as calculated with the spin-Hamiltonian 
for a symmetric dimmer with J = 0.2 cm-1, DFe = 0 cm-1 (fix.), gFe = 2. 
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Figure 4.14 Energy level plots for complex 4, as calculated with the spin Hamiltonian for 
a symmetric dimmer with J = 0.2 cm-1, DFe = 0.9 cm-1, gFe = 2, and for applied fields 
parallel to the x-axis (a) and y-axis (b) of the zero-field interaction. 
a 
b 
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In this case the zero-field splitting parameter, DFe, for iron(III) in 4 is larger than 
the ferromagnetic exchange coupling constant J of the dimer. This means the competing 
zero-field and exchange interactions mix the total spin manifolds (shown in Figure 4.13 
and Figure 4.14), and thus, Stotal and Ms, total are no longer good quantum numbers. 
Therefore we refrain from describing our system as having an Stotal = 5 ground state. The 
mixing of the levels with crossings and avoided crossings for fields applied to our dimer 
in different directions is shown in level plots given in Figure 4.14. We note also that a 
field dependent magnetization performed at 2 K shows saturation at the level expected 
for an isolated ground state with Stotal = 5 (Figure 4.12), but that should not be 
misinterpreted; since two weakly uncoupled or coupled spins of SFe = 5/2 would exhibit 
the same behavior. 
As the shortest intermolecular separation between the iron centers is 7.78 Å for 
complex 4, spin coupling devoid of any intervening atoms can be neglected. The iron(III) 
atoms are in a high-spin state, so the iron centers have both dσ- and dpi spins. There are 
two contributions to magnetic interactions. The two iron atoms are isolated by two 
nitrogen and three carbon atoms. This makes a direct overlap of the magnetic orbitals (the 
dσ spins on the iron atoms) negligible, which leads to the absence of an antiferromagnetic 
exchange interaction through a σ pathway. As the iron basal planes are not perpendicular 
to the spacer m-phenylene rings, and the intramolecular separation is as long as 7.90 Å, 
the ferromagnetic coupling observed in 4 can not be attributed to the mechanism based on 
orbital symmetry. The second contribution is the propagation of the ferromagnetic 
interaction due to the spin polarization by the dpi spins of the ppi electrons on the organic 
ligands, which has been analyzed by the DFT calculation. 
 
4.8 Magnetic Mössbauer Spectroscopy 
The nature of the magnetic ground state of the dimer, 4, was also investigated 
‘microscopically’ by Mössbauer spectroscopy at liquid helium temperature with applied 
fields of 1 – 7 T, (Figure 4.15). The hyperfine patterns show large magnetic splitting due 
to the presence of strong internal fields of about 51.6 T, as expected for monomeric ferric 
complexes, or ferromagnetically coupled dimers.9 The large splitting particularly rules 
out again anti-ferromagnetic spin coupling, because this would generate non-magnetic 
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equation 2 
equation 3 
equation 4 
ground state levels, so that components with small splitting only from the applied field 
would superimpose the inner part of the spectrum at v = ± 2 mms-1. The persistent large 
splitting for all applied fields and the sharp lines with a clear quadrupole shift (difference 
between peaks 1, 2 and 5, 6 Figure 4.15) indicate an ‘easy axis’ of magnetization. This 
can be induced only by a sizable zero-field interaction. These spectra were simulated by 
using the electronic spin-Hamiltonian of eq. 1, together with the usual nuclear 
Hamiltonian for the hyperfine interactions of the 57Fe nuclei: (equation 2): 
Hnuc  =  I . A . S  -  gNβNI . B  + HQ 
                      
where I.A.S is the magnetic hyperfine coupling which connects S an the nuclear spin I, 
and A is the hyperfine coupling tensor. The nuclear quadrupole interaction is given by 
equation 3: 
HQ = eQVzz/4I(2I - 1) 3Iz2 - I2 + η( Ix2 -Iy2)
  
where Q is the quadrupole moment and Vzz and η are the main component and the 
asymmetry parameter of the electric field gradient tensor. In zero-field condition the 
quadrupole splitting is given by equation 4: 
 
∆EQ = eQVZZ/2 1 + η2 /3
                                     
 The best values for the spin-Hamiltonian parameters obtained from the 
simulations of the magnetic Mössbauer spectra are DFe = 0.8 (± 0.15) cm-1and J = 0.25 (± 
0.1) cm-1, which are in nice accord with the SQUID result. The introduction of rhombic 
contribution to the zero field-field interaction, E/D = 0.3, was necessary to account for 
the magnetic anisotropy, (as is often observed, this term could not be resolved from the 
‘macroscopic’ SQUID magnetization data of powder samples.) Moreover, the magnetic 
hyperfine coupling constants obtained with the usual nuclear spin Hamiltonian (eq. 2) for 
57Fe are A/gNµN = (-21.6, -19.4, -20.9) T. We find the anisotropy of A relatively large for 
ferric ions, but that is in apparent agreement with the large (positive) quadrupole 
splitting, and also results from the anisotropy in the covalent bonds of the iron. From the 
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magnetic spectra also the sign of the quadrupole interaction and asymmetry parameter (η 
= 0.2) of the electric field gradient could be determined and were shown to be positive. 
 
 
Figure 4.15 Mössbauer spectra of solid 4 recorded at 4.2 K with applied fields of 1, 5 and 
7 T. The bold points represent the experimental data while the solid line represents the 
simulation. 
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4.9 DFT Calculations 
 The spin-polarization mechanism predicts a sign alternation of spin densities on 
adjacent bridging atoms of the ligand. Experimental geometry of complex 4 was used to 
perform the density functional theory (DFT) calculations for S = 5 high spin state. We 
applied the Gaussian03 suit of programs10 and the unrestricted B3LYP11 DFT scheme as 
activated by the Gaussian method keyword UB3LYP. The Fe and the directly bonded O 
and N atoms were described by the (TZVP) basis set.10,12 Thus, for all atoms directly 
involved in coordination, a rather flexible set has been used. The remaining C and H 
atoms have been treated by means of the split valence polarization (SVP)10,12 and split 
valence (SV)10,12 basis sets, respectively. Mulliken spin densities on all the atoms are 
shown in Table 4.2. To simplify, only two iron atoms and one connecting group are 
shown below (Figure 4.16). The largest spin density is computed for the iron atoms. The 
spin densities at the imine nitrogens have the same sign as the iron atom, indicating spin 
delocalization toward the donor atoms. The spin densities at both iron atoms have the 
same sign, resulting in a net ferromagnetic exchange. The very weak nature of the 
coupling results from various competing exchange coupling paths arising from the 
highest number of unpaired electrons (five) possible for a transition metal center and the 
path length of the intervening atoms involved. 
 
Figure 4.16 Spin-density distribution in the bridging atoms of 4 for the S = 5 state. 
 
 
4.14 4.14 
0.08 0.07 
-0.01 
0.02 0.02 
0.02 
-0.01 
-0.01 
Chapter 4 
 88 
Table 4.2 Mulliken Spin Densities of Selected Atoms of Complex 4. 
Atom Mulliken spin 
density 
Atom Mulliken spin 
density 
Fe(1) 4.14 Fe(2) 4.14 
O(1) 0.20 O(41) 0.21 
C(2) -0.02 C(42) -0.03 
C(3) 0.04 C(43) 0.05 
C(4) -0.02 C(44) -0.03 
C(5) 0.04 C(45) 0.05 
C(6) -0.02 C(46) -0.02 
C(7) 0.04 C(47) 0.05 
C(8) -0.02 C(48) -0.02 
N(9) 0.08 N(49) 0.07 
C(10) -0.01 C(50) -0.01 
C(11) 0.02 C(51) 0.02 
C(12) -0.01 C(52) -0.01 
C(13) 0.02 C(53) 0.02 
C(14) -0.01 C(54) -0.01 
C(15) 0.02 C(55) 0.02 
N(16) 0.07 N(56) 0.08 
C(17) -0.02 C(57) -0.02 
C(18) 0.05 C(58) 0.04 
C(19) -0.02 C(59) -0.02 
C(20) 0.05 C(60) 0.03 
C(21) -0.03 C(61) -0.02 
C(22) 0.05 C(62) 0.04 
C(23) -0.03 C(63) -0.02 
O(24) 0.21 O(64) 0.20 
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4.10 Experimental 
N'N-di(3,5-di-tert-butyl-salicylidene)-1,3-diaminobenzene (L"H2) 
 To a solution of 1,3-diaminobenzene (1.08 g; 10 mmol) in methanol (50 mL), 3,5-
di-tert-butylsalicylaldehyde (4.65 g; 20 mmol) was added with stirring. The resulting 
mixture was refluxed for 2 h yielding a yellow precipitate, which was collected by 
filtration and recrystallized from acetone-water. Yield: 5.0 g (90%). m.p. 181-183 °C. EI-
MS: m/z, 540 (100%) [M]+, 525 (62.5%) [M-CH3]+, 497 (13.6%) [M-C(CH3)2]+. 1H 
NMR (CD2Cl2, 400 MHz): δ, ppm = 1.34 (18 H, s, tBu), 1.47 (18 H, s, tBu), 7.26-7.49 
(8H, m, Ar), 8.75 (2H, s, HC=N). IR (KBr, cm-1): 3450, 2956, 2906, 2869, 1621, 1572, 
1467, 1439, 1390, 1361, 1273, 1251, 1148, 965, 879, 770, 684, 643. 
Elemental analysis: 
 %C %H %N 
Calculated 80.0 8.9 5.2 
Found 79.7 8.8 5.3 
 
[Fe2L"2(NO3)2] (4) 
 A methanolic (40 mL) solution of Fe(NO3)3·9H2O (0.40 g; 1 mmol) and H2L" 
(0.54 g; 1 mmol) was refluxed for 1 h yielding a green solution. On cooling a green 
microcrystalline solid separated out. X-ray quality crystals in 75 % yield grew over two 
days from a dichloromethane-hexane (2:1) solution. MS-ESI (pos.) in CH2Cl2: m/z, 
1250.7 (100%) [M-NO3]+, 594.5 (~90%) [M-2(NO3)]2+, MS-ESI (neg.) in CH2Cl2: m/z, 
1374.8 (100%) [M+NO3]-. UV-vis in CH2Cl2: λmax (ε, M-1 cm-1): 635 (11.4 x 103), 367 
(32.0 x 103). IR (KBr, cm-1): 2959, 2902, 2868, 1069, 1577, 1534, 1483, 1462, 1424, 
1384, 1272, 1254, 1175, 964, 870, 834, 781, 748, 693, 539. 
Elemental analysis: 
 %C %H %N %Fe 
Calculated 63.9 7.3 5.7 7.5 
Found 64.6 7.0 5.7 7.7 
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5.1 Introduction 
 Vanadium-cluster chemistry has extraordinary flexibility due to the range of metal 
oxidation states and coordination geometries. However, the literature is dominated by 
high-valent, VIV/VV chemistry1 and there are very few low valent VIII or VIII/VIV clusters 
reported2,3 due to the reducing nature of the VIII and the inherent stability of the 
[VIVO]2+/[VVO]3+ ions. The electronic configuration of VIII ion is d2; this d2, S = 1 ion 
typically  exhibits a large zero-field splitting (ZFS)4 and, hence, is attractive as a building 
block toward magnetic materials such as single-molecule magnets. Some VIII or VIII/VIV 
clusters are known either with carboxylate or with phosphate containing ligands.2,3,5 
Apart from these with carboxylate or phosphate ligands polynuclear VIII complexes are  
rare.6-10 There are very few magnetic studies on VIII or VIIIVIV clusters, and detailed 
magnetic and EPR studies on polynuclear VIII or VIIIVIV clusters still remain a matter of 
curiosity. 
 Here we report an interesting example of a valance-trapped tetranuclear 
[VIII2VIV2] cluster with the non-carboxylate, non-phosphate N'N-di(3,5-di-tert-butyl-
salicylidene)-1,3-diaminobenzene (L"H2) ligand. This complex has been characterized by 
elemental analysis, X-ray crystallography, detailed magnetic studies and a low 
temperature EPR study. The complex contains two VIII(µ-Cl3)VIV units. Complexes with 
such a V(µ-X3)V are not unknown,11-23 but there are very few magnetically characterized 
complexes containing this unit.17-23 
  
 
 
 
 
 
A Mixed-Valance Tetranuclear [V(III)V(IV)]2-
Complex 
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5.2 Synthesis 
  The reaction of VCl3 with L"H2, in a 1:1 ratio in dry THF yielded a dark brown 
solid (Scheme 5.1). It was established by X-ray and other spectroscopic methods (viz. 
SQUID, EPR and UV-vis) that the solid was a mixed valance tetranuclear vanadium 
complex, [C6H4(NH2)2][L2VIII2VIV2(µ-Cl)6(Cl)4] (5). The reaction and spectroscopic 
sample preparations were performed under strictly anaerobic condition. 
Scheme 5.1 Noteworthy is the Presence of m-Phenylenediamine in the Crystals of 5. 
 
 
 Initially, it was supposed that this C6H4(NH2)2 came from the impure ligand, 
(L"H2), as it had been prepared by the condensation of  1,3-diaminobenzene and 3,5-di-
tert-butyl-salicylaldehyde. But different spectroscopic methods (viz. IR, NMR, MS) and 
chromatography showed that no starting material, C6H4(NH2)2, was present there in the 
bulk ligand system. Additionally during the reaction (Scheme 5.1), 50% of the vanadium 
ions got oxidized to +IV. Though the actual mechanism of the reaction is unknown, it can 
be suggested that the hydrolysis of the L"H2 takes place during the reaction with the 
resultant oxidation of V(III) to V(IV). 
 
5.3 Mass Spectrometry 
 Electronspray-ionization mass spectrometry (ESI-MS) in the positive ion mode or 
negative ion modes do not show the characteristic molecular ion peak; however peaks 
assigned to the fragments of complex 5 are observed. ESI-MS spectra indicate that the 
complex 5 is stable in solution. 
 
 
 
 
NN CC
HH
OH HO
+ VCl3 
L"H2 
RT 
THF 
[C6H4(NH2)2][L"2VIII2VIV2(µ-Cl)6(Cl)4] 
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5.4 Electronic Spectroscopy 
 Electronic absorption measurements were performed on a 8.85x10-5(M) THF 
solution of 5, shown in Figure 5.1. The electronic absorption spectrum of 5 consists of 
three distinct absorption bands at 370 (ε/M-1cm-1 = 36.0 x 103), 555 (ε/M-1cm-1 = 6800) 
and 670 nm (ε/M-1cm-1 = 5000). It has been shown in Chapter 4 that in the case of the 
iron complex with the same coordinated ligand, L", one pi-pi* transition at 367 nm (ε/M-
1cm-1 = 32.0 x 103) is observed. Additionally the same iron complex exhibits one LMCT 
at 655 nm (ε/M-1cm-1 = 11.4 x 103). For the present vanadium(III) complex, 5, the band at 
370 nm can be assigned unequivocally to a pi-pi* transition of the coordinated ligand, 
while the intensity of the band at 555 and 670 nm is rather high for normal d–d 
transitions.  
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Figure 5.1 Electronic absorption spectrum for complex 5 at room temperature in dry 
THF. 
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5.5 X-ray Structure of [C6H4(NH2)2][L"2V4(µ-Cl)6(Cl)4] 
The molecular geometry and atom labeling scheme of 5 are shown in Figures 5.2 
and 5.3. Crystallographic analysis of the complex revealed that the structure of 5 can be 
formulated as [C6H4(NH2)2][L"2V4(µ-Cl)6(Cl)4]. 5.5 diethylether molecules are also 
present as solvent of crystallization. Selected bond distances and angles are listed in 
Table 5.1. 
The X-ray structure confirms that a tetranuclear vanadium complex has indeed 
been formed. In the structure two dimeric unit, V2Cl5, are connected by two deprotonated 
N'N-di(3,5-di-tert-butyl-salicylidene)-1,3-diaminobenzene, L", ligands (Figure 5.3).  The 
C-O bond lengths (average 1.332(6) Å) are nearly identical to those for complexes 
containing a coordinated phenolate anion. The C=N bond lengths (average 1.293(7) Å) 
are very similar to the C=N bond distances in the free imine ligand. 
Complex 5 crystallizes in the space group P-1. The coordination geometry of each 
vanadium ion is pseudo-octahedral, resulting, from the coordination of three µ2- bridged 
chloride ions, one terminal chloride ion, one phenolate oxygen atom and nitrogen atom 
from the ligand, L". The structure contains two face sharing bioctahedron of V(1)···V(2) 
and V(3)···V(4) with an average distance of 3.097Å, which is too long for direct metal-
metal bonding.  The V2(µ-Cl)3 unit is not unusual and it is interesting to see that in 
different complexes the V-Cl bond lengths are different depending upon their 
environments.11-18 Thus it is very difficult to predict the oxidation states of the vanadium 
ions only based on V-Cl bond distances. However, the shortest V-Cl bond distances in 
V(1)(µ-Cl)3 and V(3)(µ-Cl)3 are 2.409(1) Å and 2.415(1) Å, respectively. On the other 
hand, the shortest V-Cl bond distances in V(2)(µ-Cl)3 and V(4)(µ-Cl)3 are 2.444(2) Å and 
2.438(2) Å, respectively. The oxidation states of the V ions are tentatively assigned +IV 
for V(1) and V(3) and +III for V(2) and V(4). 
One deprotonated ligand coordinates in a bis-bidentate fashion to connect two 
vanadium ions, V(1) and V(3). Another deprotonated ligand acts in a similar fashion to 
connect the V(2) and V(4) ions. The m-phenylene linkers are not in a parallel orientation 
as in complex 4, (Chapter 4). The dihedral angle between the benzene ring planes is 
51.0º. So face-to-face pi-pi stacking interaction are not possible between the benzene rings 
of the m-phenylene linkers. Inspection of the bond angles at the vanadium centers 
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indicates that the ideal trans-positioned angles are N(9)-V(1)-Cl(3) at 179.2(1)º, N(49)-
V(2)-Cl(3) at 179.1(1)º, N(16)-V(3)-Cl(13) at 178.8(1)º and N(56)-V(4)-Cl(13) at 
178.6(1)º, showing that the best equatorial planes for the vanadium centers are 
Cl(1)Cl(2)V(1)O(1)Cl(4), Cl(1)Cl(2)V(2)O(41)Cl(5), Cl(11)Cl(12)V(3)O(24)Cl(14), and 
Cl(11)Cl(12)V(4)O(64)Cl(15); the vanadium centers are displaced only 0.039-0.050 Å 
from these planes. 
Table 5.1 Selected Bond Lengths (Å) and Angles (deg) for Complex 5. 
V(1)-V(2) 3.112(1) V(3)-V(4) 3.081(1) 
V(1)-O(1) 1.842(3) V(3)-O(24) 1.842(4) 
V(1)-N(9) 2.084(4) V(3)-N(16) 2.075(4) 
V(1)-Cl(4) 2.360(2) V(3)-Cl(14) 2.348(2) 
V(1)-Cl(1) 2.409(1) V(3)-Cl(11) 2.415(2) 
V(1)-Cl(2) 2.457(2) V(3)-Cl(13) 2.447(2) 
V(1)-Cl(3) 2.458(1) V(3)-Cl(12) 2.451(2) 
V(2)-O(41) 1.842(4) V(4)-O(64) 1.845(4) 
V(2)-N(49) 2.061(5) V(4)-N(56) 2.069(5) 
V(2)-Cl(5) 2.369(2) V(4)-Cl(15) 2.370(2) 
V(2)-Cl(3) 2.443(2) V(4)-Cl(11) 2.438(2) 
V(2)-Cl(1) 2.446(2) V(4)-Cl(13) 2.438(2) 
V(2)-Cl(2) 2.455(1) V(4)-Cl(12) 2.445(2) 
O(1)-C(2) 1.335(6) O(41)-C(42) 1.332(6) 
C(2)-C(7) 1.389(7) C(42)-C(47) 1.410(7) 
C(2)-C(3) 1.425(7) C(42)-C(43) 1.414(8) 
C(3)-C(4) 1.385(7) C(43)-C(44) 1.396(8) 
C(4)-C(5) 1.396(8) C(44)-C(45) 1.397(8) 
C(5)-C(6) 1.375(8) C(45)-C(46) 1.373(8) 
C(6)-C(7) 1.414(7) C(46)-C(47) 1.403(7) 
C(7)-C(8) 1.431(7) C(47)-C(48) 1.427(8) 
C(8)-N(9) 1.286(6) C(48)-N(49) 1.298(7) 
N(9)-C(10) 1.458(7) N(49)-C(50) 1.443(7) 
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C(10)-C(15) 1.365(8) C(50)-C(55) 1.379(7) 
C(10)-C(11) 1.368(8) C(50)-C(51) 1.383(7) 
C(11)-C(12) 1.370(8) C(51)-C(52) 1.376(8) 
C(12)-C(13) 1.377(8) C(52)-C(53) 1.377(8) 
C(13)-C(14) 1.385(8) C(53)-C(54) 1.375(7) 
C(14)-C(15) 1.380(7) C(54)-C(55) 1.383(7) 
N(16)-C(17) 1.292(7) N(56)-C(57) 1.295(7) 
C(17)-C(18) 1.431(8) C(57)-C(58) 1.437(8) 
C(18)-C(23) 1.404(7) C(58)-C(63) 1.406(8) 
C(18)-C(19) 1.413(7) C(58)-C(59) 1.397(7) 
C(19)-C(20) 1.379(8) C(59)-C(60) 1.366(8) 
C(20)-C(21) 1.393(8) C(60)-C(61) 1.397(9) 
C(21)-C(22) 1.385(8) C(61)-C(62) 1.382(8) 
C(22)-C(23) 1.410(8) C(62)-C(63) 1.410(7) 
C(23)-O(24) 1.331(6) C(63)-O(64) 1.335(6) 
Bond Angles (deg) Bond Angles (deg) 
O(1)-V(1)-N(9) 87.1(2) O(24)-V(3)-N(16) 87.42(16) 
O(41)-V(2)-N(49) 87.2(2) O(64)-V(4)-N(56) 87.33(17) 
V(1)-Cl(1)-V(2) 79.76(5) V(3)-Cl(11)-V(4) 78.80(5) 
V(1)-Cl(2)-V(2) 78.63(5) V(3)-Cl(12)-V(4) 77.98(5) 
V(1)-Cl(3)-V(2) 78.84(5) V(3)-Cl(13)-V(4) 78.19(5) 
N(9)-V(1)-Cl(3) 179.16(14) N(16)-V(3)-Cl(13) 178.81(14) 
Cl(4)-V(1)-Cl(2) 170.60(5) Cl(14)-V(3)-Cl(12) 171.33(6) 
O(1)-V(1)-Cl(1) 174.98(1) O(24)-V(3)-Cl(11) 173.99(13) 
N(49)-V(2)-Cl(3) 179.12(14) N(56)-V(4)-Cl(13) 178.55(13) 
Cl(5)-V(2)-Cl(2) 168.08(6) Cl(15)-V(4)-Cl(12) 169.06(6) 
O(41)-V(2)-Cl(1) 178.35(12) O(64)-V(4)-Cl(11) 176.25(12) 
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Figure 5.2 An ORTEP plot of [C6H4(NH2)2][L"2VIII2VIV2(µ-Cl)6(Cl)4] 5 (40% ellipsoids). 
H atoms are omitted for clarity. 
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Figure 5.3 An ORTEP plot of [L"2VIII2VIV2(µ-Cl)6(Cl)4] 5 (40% ellipsoids). H atoms are 
omitted for clarity. 
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5.6 Magnetic Properties of Complex 5 
 The magnetic susceptibility data for a dried polycrystalline sample of 5 were 
collected in the temperature range 2–290 K in an applied magnetic field of 1 T to 
investigate the nature and magnitude of the exchange interaction propagated by the 
bridging chloride ligands and also to see the effect of the m-phenylene linker. A plot of 
µ eff (magnetic moment) vs. T (temperature) is displayed in Figure 5.4. At 290 K, the 
effective magnetic moment, µeff, is equal to 4.14 µB (χMT = 2.14 cm3 mol–1 K) which is 
lower than the high temperature limit expected, 4.69 µB, for two magnetically uncoupled 
vanadium(III) ions and two vanadium(IV) ions.  Upon cooling µeff continuously 
decreases and reaches a value of 2.16 µB at about 5 K (χMT = 0.59 cm3 mol–1 K). This 
magnetic behavior clearly indicates the presence of an overall antiferromagnetic 
exchange coupling between the paramagnetic centers in 5.  Below 5 K, µeff drops to 1.61 
µB (2 K) due to the combined effects of field saturation, exchange and single ion zero-
field splitting. 
 As is evident from the structure of the V(III)/V(IV) centers in the tetranuclear 
unit, at least two types of exchange interactions, J1 and J2 have to be considered in order 
to simulate the susceptibility data. J1 represents the exchange interaction between the two 
vanadium centers, [V(III)-V(IV)], in a dimeric unit and J2 represents the exchange 
interaction between vanadium ions mediated through the m-phenylene linkers. The 
susceptibility data were simulated using an in-house package, julX, for exchange coupled 
systems written by Dr. Eckhard Bill. The simulations are based on the Heisenberg spin-
Hamilton operator for tetranuclear mixed valance V(III)2V(IV)2 complex with spin S1 = 
S4 = 1 and S2 = S3 = 0.5 (equation 1): 
H = -2J1(S1S2 + S3S4) – 2J2(S2S4 + S1S3)                         equation 1 
 A satisfactory simulation, shown as a solid line in Figure 5.4, using a least-
squares fitting computer program with a full-matrix diagonalization, is obtained with the 
parameters J1 = J12 = J34 = - 47.6 cm–1, J2 = J13 = J24 = +1.5 cm–1, gV(III) = g1 = g4 = 1.95 and 
gV(IV) = g2 = g3 = 1.85. Another simulation was also obtained with the parameters J1 = - 
52.6 cm–1, J2 = +1.6 cm–1, gV(III) = gV(IV) = g1 = g2 = g3 = g4 = 1.97. There are two types of 
vanadium ions in 5, which suggest that there should be different g values for the different 
oxidation states. Again, applying the spin projection formula ( gt = 4/3gV(III)  – 1/3gV(IV)), 
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from the first set of parameters, gt = 1.982, which is in complete agreement to the g value 
from the EPR simulation.  
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Figure 5.4 Temperature-dependence of the magnetic moment µ eff of 5 at an applied 
magnetic field of 1 T. The bold points represent the experimental data while the solid line 
represents the simulation. 
 
 Exchange interactions within the [V2(µ2-X)3]n+ (X = Cl- or Br-) ions have been 
investigated by several groups.17-23 On the whole a good fit for the experimental data 
using the Heisenberg spin Hamiltonian (equation 1) could not be obtained. Only spin 
angular momentum is involved in Heisenberg spin Hamiltonian. However, in Oh 
symmetry 3T1g is the ground state of the V(III) ion, which suggests the existence of 
unquenched orbital angular momentum. Thus, the calculated data do not fit well with the 
experimental data in the entire temperature range. Previously reported values for the 
[V2(µ-Cl)3]n+ unit are in the range -13.4 to - 75.0 cm-1and in our case this value is -47.6 
cm-1. J2 values are very small compared to J1 values (which can be explained by structural 
parameters). Interestingly, all attempts to fit the data gave positive values of J2. 
  
The energy diagram (Figure 5.5) shows that at low magnetic fields the singlet 
state is the lowest energy state, where as the triplet state is the lowest energy state at high 
magnetic fields. 
Chapter 5 
 105 
 
Figure 5.5 Energy level plots for complex 5, as calculated with the spin Hamiltonian 
(equation 1) with J1 = - 47.5 cm-1, J2 = 1.6 cm-1, gV(III) = g1 = g4 = 1.95 and gV(IV) = g2 = g3 = 
1.85. 
Variable temperature variable field (VTVH) measurements have been performed 
at 2 – 290 K and at 1, 4 and 7 T. The molar magnetization per VIII2VIV2 cluster at 1, 4 and 
7 T is shown in Figure 5.6. From the susceptibility measurement it has been already 
shown that the energy gap between the singlet and triplet states is only about ∆S-T = 2.5 
cm-1 (≈ 3.5 K) at zero external field.  
 Magnetization measurements also give similar information; at 7 T magnetization 
saturates at around 1 Ngβ to confirm the triplet state. But at lower field (1 and 4 T) the 
magnetization values are well below 1 Ngβ, which suggests that the triplet and singlet 
states are very close in energy to each other. The 4 and 7 T measurements at different 
temperature were simulated with the parameters S1 = S4 = 1.0, S2 = S3 = 0.5, D1 = D3 = 44 
± 2 cm-1, J12 = J34 = -48.0 cm-1, J14 = J23 = 4.5 cm-1, g1 = g4 = 1.95 and g2 = g3 = 1.85 
(Figure 5.7). The susceptibility and magnetization measurements suggest that the singlet 
and triplet states are very close to each other and thus, Stotal and Ms, total are no longer good 
quantum numbers.   
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Figure 5.6 Variable temperature variable field (VTVH) magnetic data for 5, plot of 
M/Ngß vs. ßH/kT. 
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Figure 5.7 Variable-temperature (2.3 – 5.3 K), variable-field (4 and 7 T) magnetization 
(VTVH) measurements. 
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5.7 EPR Study of Complex 5 
 The X-band EPR spectrum of 5, recorded in CH3CN solution at 10.9 K, is 
displayed in Figure 5.8. The derivative spectrum consists of multiple lines around g = 2. 
The multiple lines are divided into two sets. One set of lines belongs to the above of the 
zero crossing line, while the second set belongs to the below of the zero crossing line 
(Figure 5.8).  
During preliminary simulations it was supposed that the clusters are not intact in 
solution and the free VIV ions (S = ½) are responsible for the spectrum. However, these 
assumptions did not give a good simulation. For further simulations it was supposed that 
the spectrum might be due to the presence of an antiferromagnetically coupled VIIIVIV 
dimeric unit (S = ½). But, again this attempt did not yield a good solution. Finally, the 
production of a similar theoretical spectrum to the experimental spectrum was achieved 
by considering that the vanadium core was intact. Taking the entire molecule, the 
experimental spectrum could be simulated reasonably well by using the parameters 
shown in Table 5.2 for S = 1 state (Figure 5.8).  
 
 
Table 5.2 The Principal Values of the g and VIII and VIV Hyperfine Tensors (AIII and AIV 
respectively) for complex 5. 
g AIII 
[x 10-4 cm-1] 
AIV 
[x 10-4 cm-1] 
giso AIIIiso 
[x 10-4 cm-1] 
AIViso 
[x 10-4 cm-1] 
gx = 1.995 
gy = 1.995 
gz = 1.970 
45.0 
45.0 
56.7 
-10.0 
-10.0 
-13.3 
 
1.987 
 
48.9 
 
-11.1 
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Figure 5.8 X-band EPR spectrum of 5, VIII2VIV2, in DCM at 10.9 K (experimental 
conditions: microwave frequency 9.43 GHz, power 0.25 mW, modulation amplitude 10.0 
G) together with the simulated spectrum (blue line). 
 
The entire molecule needs to be considered to analyze the EPR spectrum and the 
triplet states are responsible for giving such an unusual EPR spectrum. Theoretically, the 
hyperfine tensor ratio for free VIII and VIV is 4:(-1). From the simulated hyperfine tensors 
AIIIiso and AIViso are 48.9x10-4 and -11.1x10-4 cm-1, respectively and the ratio between 
them is 4:(-0.91), which is very similar to the theoretical ratio expected for VIII-VIV 
system. Hence from the EPR analysis it can be said that the mixed valence VIII-VIV has 
indeed been formed and the mixed-valence tetranuclear core remains intact in solution. 
 
5.8 Experimental Section 
N'N-di(3,5-di-tert-butyl-salicylidene)-1,3-diaminobenzene (L"H2) 
 Synthesis of L"H2 has been discussed in Chapter 4. 
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[C6H4(NH2)2][L"2VIII2VIV2(µ-Cl)6(Cl)4], 5 
A solution of VCl3 (0.16 g, 1 mmol) in dry THF was treated with N'N-di(3,5-di-
tert-butyl-salicylidene)-1,3-diaminobenzene (L"H2) (0.54 g, 1 mmol). The resulting dark-
brown solution was stirred for 1 day at an ambient temperature inside the glove-box. 
Resulting precipitate was filtered using celite and the filtrate was collected. From the 
filtrate THF was removed in vacuo to obtain a dark-brown solid, which was recrystallized 
from diethylether, X-ray quality crystals in 20% yield grew over two days. Complex 5 is 
very sensitive to air, so entire procedures were carried out strictly under anaerobic 
condition inside the glove-box. MS-ESI (pos.) in THF: m/z, 1853.5, 1886.9, 1146.7, 
840.5, MS-ESI (neg.) in THF: m/z, 1319, 1281.4, 676.3. UV-vis in THF: λmax (ε, M-1 cm-
1): 370 (36000), 555 (6800), 670 (5000). 
Elemental analysis: 
 %C %H %N %V 
Calculated 56.0 7.3 3.9 9.5 
Found 54.9 7.3 4.1 9.3 
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6.1 Introduction  
 The study of exchange interactions between paramagnetic metal centers 
through various bridging ligands is one of the most active research field in coordination 
chemistry; this is largely due to its relevance to many different research areas, from 
chemistry to solid-state physics and biology, and because of the potential impact on 
material science, catalysis, and metallobiochemistry. Such exchange interactions in 
metalloproteins that involve more than one metal center have elicited the interests of 
bioinorganic chemists.1-6  
 In terms of magnetochemistry, there are very few studies of heterometallic 
complexes, despite the fact that such studies might be more informative than those of 
homometal complexes. New exchange pathways can be expected for heteronuclear 
complexes where unusual sets of magnetic orbitals can be brought into close proximity.7-19 
There are several interesting features associated with heteronuclear clusters. Firstly, these 
complexes can have unusual electronic structures and may serve as sources of fundamental 
information about exchange coupling in multinuclear assemblies. A second general reason 
to study heterodinuclear metal complexes is that they may be building blocks for molecular 
based magnetic materials.  
 We emphasize the fact that the investigations of a series of isostructural 
polynuclear complexes with varying dn-electron configurations are more informative in 
comparison to those comprising singly isolated, exchange coupled clusters only. In several 
cases we have used suitably designed metal-oximates as ligands as part of our program to 
investigate different exchange pathways. In this way we have synthesized a series of 
Tris(N-methylimidazoleoximato)metal(II) Complexes 
as Ligands for the Synthesis of Asymmetric 
Heterodinuclear FeIIIMII/CrIIIMII/GaIIINiII Species: A 
Magneto-Structural Study 
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dioximato-bridged (-N-O-) linear heterotrinuclear complexes of general formula [L'Mt{µ-
(dioxime)3Mc}MtL]2+/4+, where Mt = Fe(III), Mn(III), Mn(IV) and Cr(III) and MC = Zn(II), 
Cu(II), Ni(II), Fe(II), and Mn(II) and dioxime(2-) is the dianion of a variety of oximes; and 
a dioximato-bridged (-N-O-) linear tetranuclear complexes of general formula 
[L'M'2MnII2(dfmp)3]2+, where M' = Fe(III), Mn(III), Mn(IV), and L' represents the 
tridentate cyclic amine 1,4,7-trimethyl-1,4,7-triazacyclononane and dfmp(2-) is the dianion 
2,6-diformyl-4-methyl phenol dioxime .8, 24-26  
 Applying a very similar strategy, we have also succeeded in preparing the 
asymmetric dinuclear motif MIIIµ-(O-N)3MII by using [tris(pyridinealdoximato)MII]- 
anions, [M(PyA)3]-, as a ligand for the L'MIII unit, where MIII = FeIII, MnIII, CrIII and 
CoIII.27-28 In our current work we have used 1-methylimidazole-2-aldoxime, MeImOxH, as a 
bridging ligand to synthesize asymmetric dinuclear complexes and to explore the ability of 
[MII(MeImOx)3]- monoanions in generating such homo- and heterometallic complexes 
(Figure 6.1), which will allow us to compare the exchange coupled interactions in dimers. 
We report the synthesis, magnetic, electrochemical, spectroscopic and other physical 
properties including the structures of the following complexes. 
[L'FeIII(MeImOx)3NiII](ClO4)2                                                               6 
[L'FeIII(MeImOx)3ZnII](ClO4)2                                                               7 
[L'GaIII(MeImOx)3NiII](ClO4)2                                                               8 
[L'FeIII(MeImOx)3MnII](ClO4)2                                                               9 
[L'FeIII(MeImOx)3FeII](ClO4)2                                                                 10 
[L'FeIII(MeImOx)3CuII](ClO4)2                                                               11 
[L'CoIII(MeImOx)3FeII](ClO4)2                                                               12 
[L'CrIII(MeImOx)3NiII](ClO4)2                                                               13 
[L'CrIII(MeImOx)3ZnII](ClO4)2                                                              14 
 
Additionally, we chose to study first the FeIII-NiII-system (6) in our MCD project 
to investigate the nature of the d-d and CT transitions. A moderate antiferromagnetic 
exchange interaction is present in complex 6. Consequently the d-d and CT transitions 
would not only arise from pure iron or nickel ions, but also from their combination. 
Moreover, we have prepared isostructural FeIII-ZnII, 7 and GaIII-NiII, 8 species to identify 
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the independent spectroscopic mark of Fe and Ni, respectively, as Zn(II) and Ga(III) are 
devoid of any unpaired d-electrons. 
 
 
 
 
 
 
 
 
 
Figure 6.1 Schematic representation of this series of dinuclear complexes (where M = 
Mn(II), Fe(II), Ni(II), Cu(II) and Zn(II)). 
 
6.2 Synthesis 
An interesting synthetic strategy for heterometallic complex is the use of metal 
complexes as ligands which can act as a building block for polynuclear complexes. 
Therefore, metal complexes containing potential donor atoms can act as a bridging ligand 
for another metal ion or metal complex with empty or available coordination sites. The 
following strategy is used to obtain heterometal complexes, in which tris(N-
methylimidazolealdoximato)metalates act as ligands (scheme 6.1). 
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1-methylimidazole-2-aldoxime (MeImOxH) reacts with metal-perchlorate salts, 
[MII(ClO4)2]·6H2O, in the presence of Et3N in methanol to form tris(N-
methylimidazolealdoximato)metalates, [MII(MeImOx)3]-. These tris(N-
methylimidazolealdoximato)metalates produced in situ react with either [L'FeIII]3+ or 
[L'CrIII]3+ unit in a 1:1 molar ratio to lead to the formation of asymmetrical heterodinuclear 
complexes. 
 
6.3 Infrared Spectroscopy and Mass Spectrometry 
 IR spectra of complexes 6-14 show C=N stretching bands for the ligand at 1635 
cm-1. Peaks at 2920-3000 cm-1 correspond to the C-H stretching mode of the L' and 
MeImOx groups present as the terminal and bridging ligands, respectively. The NO 
stretching bands for all the dinuclear complexes are observed at 1099, 1052 and 1005 cm-
1
. Strong bands at 1079 and 623 cm-1 correspond to the ClO4 unit which is the 
counteranion in all six dinuclear complexes. Though it is not possible to distinguish the 
stretching frequencies for NO and ClO4 around 1080 cm-1 but the peak at 623 cm-1 
confirms the presence of ClO4 group. 
 Electronspray-ioniziation mass spectrometry (ESI-MS) in the positive ion mode 
has been proved to be very successful in characterizing complexes 6-14. All the spectra 
show the monopositively charged species [M-ClO4]+ as the base peak for every complex. 
Peak for the fragment [M-2ClO4]2+ were also observed. Electrospray-ioniziation mass 
spectrometry (ESI-MS) in the positive ion mode is successful in characterizing 
complexes 8, 9 and 10 as the spectra show mononegatively charged species [M+ClO4]- as 
characteristic peaks. Thus, as with earlier reported complexes with the pyridinealdoxime 
ligand, in this case electronspray-ionization mass spectrometry is an important tool to 
characterize the complexes. 
 
6.4 Electronic Spectroscopy 
The electronic spectra for complexes 6-14 have been measured in MeCN in the 
range 250-1500 nm. All peak positions are listed in Table 6.1 and all of the spectra are 
shown in Figure 6.2. The electronic spectral results indicate that complexes 6-14 are 
stable and retain their dinuclear entities in acetonitrile solution. On the basis of high 
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extinction coefficients all the bands below 350 nm are assigned to pi-pi* transitions of the 
oxime ligand. Second spin allowed transitions 4A2(F) → 4T1(F) are observed at 433 nm 
for 13 and 420 nm for 14 with the extinction coefficients 390 and 270 M-1 cm-1, 
respectively. Both of these complexes, 13 and 14, also exhibit an additional weak 
shoulder at 540 (with εM 230 M-1 cm-1) and 529 nm (with εM 120 M-1 cm-1), respectively. 
The extinction coefficient of this band is rather large in comparison to those reported for 
mononuclear L'CrX3 complexes.31 This is probably due to enhancement of intensity via 
exchange coupling and of the strong trigonal distortion of the Cr(III) geometry, resulting 
in a lowering of the symmetry to C3.36 
Judge on the basis of extinction coefficients, the bands at 823 and 890 nm for 6, 
820 and 894 nm for 8 and 867 nm for 13 are tentatively ascribed to the d-d transitions at 
the Ni(II) center. Apart from these all the bands are assigned to the MLCT and LMCT 
transitions which indicate the strong interactions of the metal d orbitals with the 
conjugated pi system of the oxime.30 
 
Table 6.1 Optical Spectral Data for Complexes 6-8 and 10-14. 
Complex λmax, nm [ε, M-1 cm-1] 
6 FeIIINiII 290 (33200), 402 (4280), 505(2370), 823 (40), 890 (34) 
7 FeIIIZnII 303 (22800), 380 (6500) 
8 GaIIINiII 820 (26), 894 (25) 
9 FeIIIMnII 300 (21200) 
10 FeIIIFeII 312 (17450), 460 (12700), 960 (310) 
11 FeIIICuII 286 (30800), 406 (4900), 770 (85), 1102 (63) 
12 CoIIIFeII 298 (26000), 484 (4400), 590 (900) 
13 CrIIINiII 300 (>15000), 433 (390), 540 (230), 867 (12) 
14 CrIIIZnII 293 (21100), 420 (270), 529 (120) 
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Figure 6.2a Electronic spectra for complexes 6 (left) and 7 (right) at room temperature in 
dry MeCN 
 
            
            
Figure 6.2b Electronic spectra for complexes 10 (left) and 11 (right) at room temperature 
in dry MeCN. 
 
   
Figure 6.2c Electronic spectra for complexes 12 (left) and 13 (right) at room temperature 
in dry MeCN. 
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Figure 6.2d Electronic spectra for complexes 14 (left) and 8 (right) at room temperature 
in dry MeCN. 
 
6.5 Mössbauer Spectroscopy 
The zero-field Mössbauer spectra of solid samples of complexes 6, 7 and 9-12 
were recorded at 80 K in zero-field, shown in Figure 6.3. These measurements were 
carried out to find out the spin and oxidation states of the iron centers and also to 
compare with those earlier reported analogous complexes   with the pyridinealdoxime 
ligand.28 In complexes 6, 7 and 9-11, the Fe(1) centers are in an FeN3O3 environment, 
whereas the coordination environment for Fe(2) of 10 and Fe(1) of 12 are FeN6. Isomer 
shifts (δFe) and quadrupole splitting (∆EQ) values of the current complexes and the earlier 
reported analogous complexes are shown in Table 6.2a and Table 6.2b, respectively. All 
the spectra, except for that of 10, fit well with a single quadrupole split doublet. Isomer 
shifts (δFe) and quadrupole splitting (∆EQ) values for 6, 7, 9 and 11 are in accord with 
those observed for high-spin Fe(III) ions in octahedral environments.29 The spectrum of 
10 fits well with two equal area are doublets, which imply two iron sites having different 
coordination spheres, in agreement with the analogous complex with the 
pyridinealdoxime ligand. Thus, as in the analogous complex, they are assigned to the FeIII 
and FeII ions, which is also supported by the X-structure analysis. For 12 the isomer shift 
(δFe) is lower than that of 6, 7, 9 and 11 and similar with that of 10. Summarily, the 
Mössbauer parameters of complexes 6, 7 and 9-11 containing the FeN3O3 core are in 
agreement with those observed for high-spin Fe(III) ions in octahedral and distorted 
octahedral environments. Mössbauer data for 10 and 12 indicates the low-spin d6 
electronic configuration of Fe(II) ions contained in the FeN6 core; these above Mössbauer 
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parameters are in agreement with those of previously reported analogous complexes with 
the pyridinealdoxime ligand.28 
 
Table 6.2a Mössbauer Parameters of Current Complexes at 80 K in Zero-Field. 
Complex δFe [mm·s-1] ∆EQ [mm·s-1] 
6 FeIIINiII 0.45 0.02 
7 FeIIIZnII 0.41 0.01 
9 FeIIIMnII 0.44 0.33 
10 FeIIIFeII 0.32, 0.40 0.33, 0.35 
11 FeIIICuII 0.45 -0.19 
12 CoIIIFeII 0.30 0.22 
 
 
Table 6.2b Mössbauer Parameters of Previously28 Reported Complexes with the 
Pyridinealdoxime Ligand at 80 K in Zero-Field for Comparison. 
Complex δFe [mm·s-1] ∆EQ [mm·s-1] 
FeIIINiII 0.47 0.12 
FeIIIZnII 0.45 0.01 
FeIIIMnII 0.46 0.43 
FeIIIFeII 0.41, 0.26 0.39, 0.33 
FeIIICuII 0.45 0.01 
CoIIIFeII 0.30 0.40 
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Figure 6.3 Mössbauer spectra of complexes 6, 7 and 9-12 at 80 K.  
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6.6 Electrochemistry 
Cyclic voltammograms (CV) of complexes 6-11 and 13 were recorded in MeCN 
solutions containing 0.10 M [(n-Bu)4N]PF6 as the supporting electrolyte. A conventional 
three electrode arrangement was used, consisting of a glassy carbon working electrode, a 
Ag/AgNO3 reference electrode and a Pt wire counter electrode. The redox potentials were 
referenced versus the ferrocenium/ferrocene (Fc+/Fc) couple. The cyclic voltammograms 
of the complexes are shown in Figure 6.4 and the redox potentials obtained from the 
voltammograms are presented in Table 6.3. 
 Complex 7, FeIIIZnII, contain one redox active FeIII metal ion and one redox 
inactive ZnII metal ion. Its cyclic voltammogram exhibits one reversible oxidation at 0.73 
V. Since ZnII is redox inactive and the oxidation of FeIII to FeIV is highly unlikely at this 
potential, then this oxidation must occur at the ligand. Since the triazacylononane ligand 
L' is not oxidizable in this potential range,31 the oxidation must be due to the oxidation of 
the 1-methyl-2-imidazolealdoxime moiety. The cyclic voltammogram of 7 also features a 
reversible one-electron reduction at -0.93 V, which likely corresponds to the reduction of 
iron from FeIII to FeII.  
 Complexes 6, 8 and 13 also show one ligand centered reversible oxidation at 0.82, 
0.79 and 1.00 V, respectively. Like complex 7, complex 6 also shows one FeIII centered 
reversible reduction at -0.84 V. But there is no reduction for complex 8 as GaIII is redox 
inactive in nature. Complex 13 also does not show any peak for reduction. Cyclic 
voltammograms of 6 exhibits one quasi reversible oxidation at 1.25 V which is assigned 
as the oxidation of nickel ion from NiII to NiIII whereas complexes 8 and 13 show one 
reversible oxidation of NiII at 1.26 and 1.27 V, respectively 
Cyclic voltammograms of 9-11 exhibit two reversible waves: one for an oxidation 
(in the range from +0.31 to +0.79 V) and one for a reduction (in the range from –0.75 to -
0.85 V). Complex 7 shows that the oxidation must occurs at the ligand centered and the 
reduction is most likely because of the reduction of iron center form FeIII to FeII. The CV 
of 9 shows one additional oxidation like previously reported FeIIIMnII complex with 
pyridinealdoxime ligand. The reason for this behavior is still unknown. The CV of 11 
also shows one additional reduction at –1.20 V which is assigned as the reduction of the 
cupper ion from CuII to CuI. 
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It has been discussed that for both cases, complexes with MeImOx and PyA 
ligands, 1st oxidations are ligand centered. From the Table 6.3 and Table 6.4 it is very 
clear the 1st oxidation for FeIIIM complexes with MeImOx ligand occurs at lower potential 
compare to the FeIIIM complexes with PyA ligand. Though the reason for this behavior is 
still unknown, but it can be suggested that it can be because of higher electron density at 
five membered imidazole ring compare to six membered pyridine ring. 1st reduction for 
the current complexes occurs at more negative potential compare to the earlier reported 
complexes with PyA. Apart from these, cyclic voltammograms are very similar for both 
the cases.   
 
Table 6.3 Formal Electrode Potentials for Oxidation and Reduction (in V vs Fc+/Fc) of 
Complexes 6-11 and 13 (Measured at Ambient Temperatures in MeCN Solutions 
Containing 0.1 M [(n-Bu)4N]PF6). 
Complex E1/2ox(2), V E1/2ox(1), V E1/2red(1), V E1/2red(2), V 
7 FeIIIZnII - 0.73 -0.93 - 
11 FeIIICuII - 0.79 -0.75 -1.20 
6 FeIIINiII 1.25 0.82 -0.84 - 
10 FeIIIFeII - 0.31 -0.82 - 
9 FeIIIMnII - 0.67 -0.76 -0.94 
13 CrIIINiII 1.27 1.00 - - 
8 GaIIINiII 1.26 0.79 - - 
 
Table 6.4 Formal Electrode Potentials for Oxidation and Reduction (in V vs Fc+/Fc) of 
reported Complexes27,28 (Measured at Ambient Temperatures in MeCN Solutions 
Containing 0.1 M [(n-Bu)4N]PF6). 
Complex E1/2ox(2) E1/2ox(1) E1/2red(1) E1/2red(2) 
FeIIIZnII - 0.83 -0.80 - 
FeIIICuII - 0.89 -0.62 -1.14 
FeIIINiII 1.25 0.89 -0.72 - 
FeIIIFeII - 0.76 -0.62 - 
Chapter 6  
 126 
FeIIIMnII - 0.45, 0.73 -0.85 -1.07 
CrIIINiII 1.29 0.90 - - 
    
 
 
   
         
     
 
Figure 6.4a Cyclic voltammograms of complexes 6, 7, 9 and 10 recorded in MeCN 
solutions containing 0.1 M [(n-Bu)4N]PF6 as the supporting electrolyte at ambient 
temperatures. A glassy carbon electrode (0.03 cm2) was used, and potentials are 
referenced versus the Fc+/Fc couple. 
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Figure 6.4b Cyclic voltammograms of complexes 8, 11 and 13 recorded in MeCN 
solutions containing 0.1 M [(n-Bu)4N]PF6 as the supporting electrolyte at ambient 
temperatures. A glassy carbon electrode (0.03 cm2) was used, and potentials are 
referenced versus the Fc+/Fc couple. 
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6.7 X-ray Structures  
The crystal structures of complexes 6 – 13 have been determined by single crystal 
X-ray crystallography. The X-ray structures confirm that mixed metal FeIIIMII (where M 
= Mn, Fe, Ni, Cu and Zn), GaIIINiII, CoIIIFeII and CrIIINiII complexes have indeed been 
formed with 1-methyl-2-imidazolealdoxime, MeImOxH, ligand in a similar fashion like 
pyridine-2-aldoxime, PyOxH.27-28 In all the complexes two pseudooctahedral polyhedra 
are joined face-to-face by three oximato N-O groups. The C=NOx bond lengths of average 
1.291 ± 0.006 Å (6), 1.284 ± 0.009Å (7), 1.294 ± 0.006 Å (8), 1.290 ± 0.012 Å (9), 1.308 
± 0.015 Å (10), 1.275 ± 0.009 Å (11), 1.307 ± 0.015 Å (12) and 1.294 ± 0.006 Å (13) and 
the Nox-O bond lengths of average 1.353 ± 0.006 Å (6), 1.357 ± 0.009 Å (7), 1.349 ± 
0.006 Å (8), 1.349 ± 0.009 Å (9), 1.339 ± 0.012 Å (10), 1.342 ± 0.012 Å (11), 1.353 ± 
0.021 Å (12) and 1.349 ± 0.006 Å (13) are nearly identical to those for other  FeIIIMII, 
MnIIIMII, NiIINiII, ZnIINiII and CrIIIMnII-complexes containing pyridine-2-aldoximato 
reported by us.27-28 The Nox-O bond lengths are significantly shorter than ~ 1.40 Å in 
general for free oxime ligands. The C-N-O bond angles of average 115.2º (9), 117.9 ± 
0.3º (10), 118.0 ± 0.4º (11), 118.0 ± 0.4º (12) and 118.4 ± 0.3º (13) are also identical to 
those for previously reported comparable structure containing pyridine-2-aldoximato 
ligand.27-28 
 
X-ray Structure of [L'FeIII(MeImOx)3MII](ClO4)2 (M = Mn (9), Fe (10), Ni (6), Cu 
(11), Zn (7)) 
 The lattices consist of dinuclear dications and perchlorate anions. Complexes 6, 7, 
10 and 11 crystallize in the space group R-3c. Perspective views of the cations are shown 
in Figure 6.6. The donor atoms for the metal ions of the cations are identical (FeN3O3 and 
MII(Nox)3(NIm)3) in all the complexes, but the coordination geometry of the divalent metal 
centers is not.  
 Coordination geometry of the iron center is distorted octahedral with three 
nitrogen atoms from the facially coordinated tridentate macrocyclic amine L' and three 
oxygen atoms from the bridging oximato group (Figure 6.5). The largest deviation from 
the idealized 90º interbound angle is 11.7º, which occurs within the six-membered O-Fe-
O chelate rings, the O-Fe-O angles ranging between 101.7(1) and 96.8(1)º, whereas the 
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N-Fe-N angles fall between 79.67(8) and 80.1(1)º.  The Fe(1)-N(1) (in the range 2.191 ± 
0.009 – 2.209 ± 0.006 Å) and Fe(1)-O(11) (in the range 1.955 ± 0.009 – 1.974 ± 0.006 Å) 
distances correspond to those of known values for FeIII complexes with this macrocyclic 
amine24,31 and are in accord with the similar complexes with pyridine-2-aldoximato 
ligand (Table 6.6).28 Additionally these bond distances are in agreement with a d5 high-
spin electronic configuration of the FeIII centers, which is in complete agreement with the 
Mössbauer results. 
  The second metal center, Fe(II), Mn(II), Ni(II), Cu(II) or Zn(II), is also hexa 
coordinated yielding an MN6 core (Figure 6.5). Coordination occurs facially through 
three pyridine nitrogen atoms, NIm(18), and three azomethine nitrogen atoms, Nox(12), 
from the imidazolealdoxime (MeImOx) ligand like pyridinealdoxime (PyA) ligand.28 It is 
noteworthy that the Fe(2)-Nox bond lengths in 10 are significantly shorter than M-Nox 
bond lengths in 6, 7 and 11, which is due to low-spin d6 electronic configuration of the 
FeII center. From the M-N bond distances and twist angles (Table 6.6) analysis it is clear 
that the coordination sphere around the manganese center in 9 is strongly distorted, which 
is also supported by the dihedral angles (Fe-O-N and M-N-O) analysis. The geometry of 
the Mn center may be assigned as pseudo-trigonal-pyramidal with a nonbanded imidazole 
N. 
 
  
Figure 6.5 First coordination sphere of complex 6. The atom connectivities are identical 
for 7, 9, 10 and 11. 
N(1) 
O(11) N(12) 
Fe(1) M(1) Fe(1) Ni(1) 
N(18) 
Chapter 6  
 130 
 
Figure 6.6a Molecular structure of the cation in complex 6, FeIIINiII. 
 
Figure 6.6b Molecular structure of the cation in complex 9, FeIIIMnII. 
Fe(1) 
Mn(1) 
Fe(1) 
Ni(1) 
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Figure 6.6c Molecular structure of the cation in complex 10, FeIIIFeII. 
 
 
Figure 6.6d Molecular structure of the cation in complex 11, FeIIICuII. 
Fe(1) 
Fe(2) 
Fe(1) Cu(1) 
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Figure 6.6e Molecular structure of the cation in complex 7, FeIIIZnII. 
 
Table 6.5a Selected Bond Lengths (Å) and Angles (deg) for Complex 6, 
[L'FeIII(MeImOx)3NiII](ClO4)2. 
Fe(1)···Ni(1) 3.477   
Fe(1)-N(1) 2.203(1) Fe(1)-O(11) 1.974(1) 
Fe(1)-N(1)#1 2.203(1) Fe(1)-O(11)#1 1.974(1) 
Fe(1)-N(1)#2 2.203(1) Fe(1)-O(11)#2 1.974(1) 
Ni(1)-N(18) 2.077(1) Ni(1)-N(12) 2.077(1) 
Ni(1)-N(18)#1 2.077(1) Ni(1)-N(12)#1 2.077(1) 
Ni(1)-N(18)#2 2.077(1) Ni(1)-N(12)#2 2.077(1) 
N(12)-C(13) 1.291(2) O(11)-N(12) 1.353(2) 
Bond Angles (deg) Bond Angles (deg) 
N(12)-Ni(1)-N(18) 78.88(5) N(1)#1-Fe(1)-N(1)#2 80.06(5) 
N(12)#1-Ni(1)-N(18)#1 78.88(5) N(1)#1-Fe(1)-N(1) 80.05(5) 
N(12)#2-Ni(1)-N(18)#2 78.88(5) N(1)#2-Fe(1)-N(1) 80.05(5) 
N(12)#1-Ni(1)-N(12)#2 88.16(5) O(11)#1-Fe(1)-O(11)#2 98.88(4) 
Fe(1) Zn(1) 
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N(12)#1-Ni(1)-N(12) 88.15(5) O(11)#1-Fe(1)-O(11) 98.89 (4) 
N(12)#2-Ni(1)-N(12) 88.15(5) O(11)#2-Fe(1)-O(11) 98.89 (4) 
N(18)#1-Ni(1)-N(18)#2 92.20(5)   
N(18)#1-Ni(1)-N(18) 92.20(5)   
N(18)#2-Ni(1)-N(18) 92.20(5)   
 
Table 6.5b Selected Bond Lengths (Å) and Angles (deg) for Complex 7, 
[L'FeIII(MeImOx)3ZnII](ClO4)2. 
Fe(1)···Zn(1) 3.608   
Fe(1)-N(1) 2.209(2) Fe(1)-O(11) 1.974(2) 
Fe(1)-N(1)#1 2.209(2) Fe(1)-O(11)#1 1.974(2) 
Fe(1)-N(1)#2 2.209(2) Fe(1)-O(11)#2 1.974(2) 
Zn(1)-N(18) 2.096(2) Zn(1)-N(12) 2.198(2) 
Zn(1)-N(18)#1 2.096(2) Zn(1)-N(12)#1 2.198(2) 
Zn(1)-N(18)#2 2.096(2) Zn(1)-N(12)#2 2.198(2) 
N(12)-C(13) 1.284(3) O(11)-N(12) 1.357(3) 
Bond Angles (deg) Bond Angles (deg) 
N(12)-Zn(1)-N(18) 76.52(8) N(1)#1-Fe(1)-N(1)#2 79.67(8) 
N(12)#1-Zn(1)-N(18)#1 76.51(8) N(1)#1-Fe(1)-N(1) 79.67(8) 
N(12)#2-Zn(1)-N(18)#2 76.51(8) N(1)#2-Fe(1)-N(1) 79.67(8) 
N(12)#1-Zn(1)-N(12)#2 84.46(8) O(11)#1-Fe(1)-O(11)#2 99.96(8) 
N(12)#1-Zn(1)-N(12) 84.46(8) O(11)#1-Fe(1)-O(11) 99.96(8) 
N(12)#2-Zn(1)-N(12) 84.46(8) O(11)#2-Fe(1)-O(11) 99.96(8) 
N(18)#1-Zn(1)-N(18)#2 96.02(7)   
N(18)#1-Zn(1)-N(18) 96.01(7)   
N(18)#2-Zn(1)-N(18) 96.01(7)   
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Table 6.5c Selected Bond Lengths (Å) and Angles (deg) for Complex 10, 
[L'FeIII(MeImOx)3FeII](ClO4)2. 
Fe(1)···Fe(2) 3.364   
Fe(1)-N(1) 2.195(4) Fe(1)-O(11) 1.972(3) 
Fe(1)-N(1)#1 2.194(4) Fe(1)-O(11)#1 1.972(3) 
Fe(1)-N(1)#2 2.194(4) Fe(1)-O(11)#2 1.972(3) 
Fe(2)-N(18) 1.966(3) Fe(2)-N(12) 1.944(3) 
Fe(2)-N(18)#1 1.966(3) Fe(2)-N(12)#1 1.944(3) 
Fe(2)-N(18)#2 1.966(3) Fe(2)-N(12)#2 1.944(3) 
N(12)-C(13) 1.308(5) O(11)-N(12) 1.339(4) 
Bond Angles (deg) Bond Angles (deg) 
N(12)-Fe(2)-N(18) 80.1(1) N(1)#1-Fe(1)-N(1)#2 80.8(1) 
N(12)#1- Fe(2)-N(18)#1 80.1(1) N(1)#1-Fe(1)-N(1) 80.8(1) 
N(12)#2- Fe(2)-N(18)#2 80.1(1) N(1)#2-Fe(1)-N(1) 80.8(1) 
N(12)#1- Fe(2)-N(12)#2 91.0(1) O(11)#1-Fe(1)-O(11)#2 96.8(1) 
N(12)#1- Fe(2)-N(12) 91.0(1) O(11)#1-Fe(1)-O(11) 96.8(1) 
N(12)#2- Fe(2)-N(12) 91.0(1) O(11)#2-Fe(1)-O(11) 96.8(1) 
N(18)#1- Fe(2)-N(18)#2 90.5(1)   
N(18)#1- Fe(2)-N(18) 90.5(1)   
N(18)#2- Fe(2)-N(18) 90.5(1)   
 
Table 6.6d Selected Bond Lengths (Å) and Angles (deg) for Complex 11, 
[L'FeIII(MeImOx)3CuII](ClO4)2. 
Fe(1)···Cu(1) 3.493   
Fe(1)-N(1) 2.191(3) Fe(1)-O(11) 1.955(3) 
Fe(1)-N(1)#1 2.191(3) Fe(1)-O(11)#1 1.955(3) 
Fe(1)-N(1)#2 2.191(3) Fe(1)-O(11)#2 1.955(3) 
Cu(1)-N(18) 2.067(3) Cu(1)-N(12) 2.096(4) 
Cu(1)-N(18)#1 2.067(3) Cu(1)-N(12)#1 2.096(4) 
Cu(1)-N(18)#2 2.067(4) Cu(1)-N(12)#2 2.096(4) 
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N(12)-C(13) 1.275(5) O(11)-N(12) 1.342(7) 
Bond Angles (deg) Bond Angles (deg) 
N(12)-Cu(1)-N(18) 77.8(1) N(1)#1-Fe(1)-N(1)#2 79.8(1) 
N(12)#1-Cu(1)-N(18)#1 77.8(1) N(1)#1-Fe(1)-N(1) 79.8(1) 
N(12)#2-Cu(1)-N(18)#2 77.8(1) N(1)#2-Fe(1)-N(1) 79.8(1) 
N(12)#1-Cu(1)-N(12)#2 86.9(1) O(11)#1-Fe(1)-O(11)#2 99.1(1) 
N(12)#1-Cu(1)-N(12) 86.9(1) O(11)#1-Fe(1)-O(11) 99.1(1) 
N(12)#2-Cu(1)-N(12) 86.9(1) O(11)#2-Fe(1)-O(11) 99.1(1) 
N(18)#1-Cu(1)-N(18)#2 93.1(1)   
N(18)#1-Cu(1)-N(18) 93.1(1)   
N(18)#2-Cu(1)-N(18) 93.1(1)   
 
X-ray Structure of [L'CoIII(MeImOx)3FeII](ClO4)2 (12) 
 The molecular geometry and atom labeling scheme of 12 are shown in the Figure 
6.6f. The crystallographic analysis of the complex revealed that the structure of 12 
consists of a dinuclear dication, [L'CoIII(MeImOx)3MII]2+, and two perchlorate anions. The 
selected bond distances and angles are listed in Table 6.5e. The cobalt center has 
distorted octahedral coordination with three nitrogen atoms from the facially coordinated 
tridentate macrocyclic amine L' and three oxygen atoms from the bridging oximato 
groups. The Co(1)-N(1) (average 2.032 ± 0.012 Å) and Co(1)-O(11) (average 1.955 ± 
0.012 Å) distances correspond well with literature values for low-spin CoIII with d6 
electronic configuration31 and also in agreement with the similar complex with pyridine-
2-aldoximato ligand.28 
 The second metal center, iron, is also sixfold coordinated yielding a FeN6 core. 
Coordination occurs through three imidazole nitrogen atoms and three azomethine 
nitrogen atoms (Figure 6.6f). The Fe(11)-N(12) (average 1.917 ± 0.012 Å) and Fe(1)-
N(18) (average 1.954 ± 0.009 Å) bond lengths are consistent with a d6 low-spin electron 
configuration for the FeII center, which was confirmed also by Mössbauer analysis. 
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Figure 6.6f Molecular structure of the cation in complex 12, CoIIIFeII. 
 
Table 6.5e Selected Bond Lengths (Å) and Angles (deg) for Complex 12, 
[L'CoIII(MeImOx)3FeII](ClO4)2. 
Co(1)···Fe(1) 3.477   
Co(1)-N(1) 1.955(4) Co(1)-O(11) 2.032(4) 
Co(1)-N(1)#1 1.955(5) Co(1)-O(11)#1 2.032(4) 
Fe(1)-N(1)#2 1.955(4) Co(1)-O(11)#2 2.032(4) 
Fe(1)-N(18) 1.954(3) Fe(1)-N(12) 1.917(4) 
Fe(1)-N(18)#1 1.954(3) Fe(1)-N(12)#1 1.917(4) 
Fe(1)-N(18)#2 1.954(3) Fe(1)-N(12)#2 1.917(4) 
N(12)-C(13) 1.307(5) O(11)-N(12) 1.353(7) 
Bond Angles (deg) Bond Angles (deg) 
N(12)-Fe(1)-N(18) 81.7(2) N(1)#1-Co(1)-N(1)#2 85.1(2) 
N(12)#1-Fe(1)-N(18)#1 81.7(2) N(1)#1-Co(1)-N(1) 85.1(2) 
N(12)#2-Fe(1)-N(18)#2 81.7(2) N(1)#2-Co(1)-N(1) 85.1(2) 
Co(1) Fe(1) 
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N(12)#1-Fe(1)-N(12)#2 90.1(2) O(11)#1-Co(1)-O(11)#2 94.3(2) 
N(12)#1-Fe(1)-N(12) 90.1(2) O(11)#1-Co(1)-O(11) 94.3(2) 
N(12)#2-Fe(1)-N(12) 90.1(2) O(11)#2-Co(1)-O(11) 94.3(2) 
N(18)#1-Fe(1)-N(18)#2 90.4(2)   
N(18)#1-Fe(1)-N(18) 90.4(2)   
N(18)#2-Fe(1)-N(18) 90.4(2)   
 
X-ray Structure of [L'CrIII(MeImOx)3NiII](ClO4)2 (13) 
 The molecular geometry and atom labeling scheme of the dication are shown in 
Figure 6.6g. The X-ray structure confirms that the mixed-metal CrIIINiII complex has 
indeed been formed. The selected bond distances and angles are listed in Table 6.5f. 
 The chromium ion in the dinuclear dication is in a distorted octahedral ligand 
environment, having CrN3O3 coordination sphere. The Cr(1)-N(1) (average 2.116 ± 0.012 
Å) and Cr(1)-O(11) (average 1.968 ± 0.012 Å) distances correspond well with literature 
values for high-spin CrIII complexes with this macrocyclic amine and again in good 
agreement with a similar complex with pyridine-2-aldoximato ligand.27 Deviations from 
the idealized octahedral geometry are found for the ligand L', the average N-Cr-N angle 
is 83.02(5)º, whereas the average O-Cr-O angle is 97.08(4)º. The second metal ion, NiII, 
is also in six-fold coordination geometry yielding a NiN6 core as in the above complexes. 
The Ni(1)-N(18) (average 2.084 ± 0.003 Å) and Ni(1)-N(12) (average 2.069 ± 0.003 Å) 
bond lengths are very similar to the analogous complex [L'CrIII(PyA)3NiII] with the 
pyridinealdoxime ligand and also to the complex [L'FeIII(MeImOx)3NiII]2+, 6.27 These 
bond distances are also in good agreement with a d8 high-spin electronic configuration 
for the NiII centers, which is in complete agreement with the EPR and SQUID results.  
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Figure 6.6g Molecular structure of the cation in complex 13, CrIIINiII 
 
X-ray Structure of [L'GaIII(MeImOx)3NiII](ClO4)2 (8) 
 The molecular geometry and atom labeling scheme of 8 are shown in the Figure 
6.6h. The crystallographic analysis of the complex revealed that the structure of 8 
consists of a dinuclear dication, [L'GaIII(MeImOx)3MII]2+, and two perchlorate anions. The 
selected bond distances and angles are listed in Table 6.5f. The gallium center has 
distorted octahedral coordination with three nitrogen atoms from the facially coordinated 
tridentate macrocyclic amine L' and three oxygen atoms from the bridging oximato 
groups. The Ga(1)-N(1) and Ga(1)-O(11) bond lengths are 2.0132 ± 0.003 and 1.964 ± 
0.003 Å, respectively. Deviations from the idealized octahedral geometry are found for 
the ligand L', the average N-Ga-N angle is 82.80(5)º, whereas the average O-Ga-O angle 
is 97.86(4)º. 
 The second metal ion, NiII, is also in six-fold coordination geometry yielding a 
NiN6 core as in the above complexes. The Ni(1)-N(18) (average 2.083 ± 0.003 Å) and 
Ni(1)-N(12) (average 2.067 ± 0.003 Å) bond lengths are very similar to the analogous 
complex [L'FeIII(MeImOx)3NiII]2+, 6 and [L'CrIII(MeImOx)3NiII]2+, 13. These bond 
Cr(1) 
Ni(1) 
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distances are also in good agreement with a d8 high-spin electronic configuration for the 
NiII centers, which is in complete agreement with the SQUID result.  
 
Figure 6.6h Molecular structure of the cation in complex 8, GaIIINiII 
 
Table 6.5f Selected Bond Lengths (Å) and Angles (deg) for Complex 13, 
[L'CrIII(MeImOx)3NiII](ClO4)2.  
Cr(1)···Ni(1) 3.518   
Cr(1)-N(1) 2.111(6) Cr(1)-O(11) 1.968(1) 
Cr(1)-N(1)#1 2.111(6) Cr(1)-O(11)#1 1.968(1) 
Cr(1)-N(1)#2 2.111(6) Cr(1)-O(11)#2 1.968(1) 
Ni(1)-N(18) 2.084(1) Ni(1)-N(12) 2.069(1) 
Ni(1)-N(18)#1 2.084(1) Ni(1)-N(12)#1 2.069(1) 
Ni(1)-N(18)#2 2.084(1) Ni(1)-N(12)#2 2.069(1) 
N(12)-C(13) 1.294(2) O(11)-N(12) 1.349(2) 
Bond Angles (deg) Bond Angles (deg) 
N(12)-Ni(1)-N(18) 79.0(5) N(1)#1-Cr(1)-N(1)#2 83.0(5) 
Ga(1) Ni(1) 
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N(12)#1-Ni(1)-N(18)#1 79.0(5) N(1)#1-Cr(1)-N(1) 83.0(5) 
N(12)#2-Ni(1)-N(18)#2 79.0(5) N(1)#2-Cr(1)-N(1) 83.0(5) 
N(12)#1-Ni(1)-N(12)#2 87.8(5) O(11)#1-Cr(1)-O(11)#2 97.1(4) 
N(12)#1-Ni(1)-N(12) 87.8(5) O(11)#1-Cr(1)-O(11) 97.1(4) 
N(12)#2-Ni(1)-N(12) 87.8(5) O(11)#2-Cr(1)-O(11) 97.1(4) 
N(18)#1-Ni(1)-N(18)#2 91.9(5)   
N(18)#1-Ni(1)-N(18) 91.9(5)   
N(18)#2-Ni(1)-N(18) 91.9(5)   
 
Table 6.5g Selected Bond Lengths (Å) and Angles (deg) for Complex 8, 
[L'GaIII(MeImOx)3NiII](ClO4)2. 
Ga(1)···Ni(1) 3.499   
Ga(1)-N(1) 2.132(1) Ga(1)-O(11) 1.964(1) 
Ga(1)-N(1)#1 2.132(1) Ga(1)-O(11)#1 1.964(1) 
Ga(1)-N(1)#2 2.133(1) Ga(1)-O(11)#2 1.964(1) 
Ni(1)-N(18) 2.083(1) Ni(1)-N(12) 2.067(1) 
Ni(1)-N(18)#1 2.083(1) Ni(1)-N(12)#1 2.067(1) 
Ni(1)-N(18)#2 2.083(1) Ni(1)-N(12)#2 2.067(1) 
N(12)-C(13) 1.294(2) O(11)-N(12) 1.349(2) 
Bond Angles (deg) Bond Angles (deg) 
N(12)-Ni(1)-N(18) 78.96(5) N(1)#1-Ga(1)-N(1)#2 82.80(5) 
N(12)#1-Ni(1)-N(18)#1 78.97(5) N(1)#1-Ga(1)-N(1) 82.80(5) 
N(12)#2-Ni(1)-N(18)#2 78.97(5) N(1)#2-Ga(1)-N(1) 82.79(5) 
N(12)#1-Ni(1)-N(12)#2 87.7(5) O(11)#1-Ga(1)-O(11)#2 97.86(4) 
N(12)#1-Ni(1)-N(12) 87.7(5) O(11)#1-Ga(1)-O(11) 97.86(4) 
N(12)#2-Ni(1)-N(12) 87.7(5) O(11)#2-Ga(1)-O(11) 97.86(4) 
N(18)#1-Ni(1)-N(18)#2 91.99(5)   
N(18)#1-Ni(1)-N(18) 91.98(5)   
N(18)#2-Ni(1)-N(18) 91.98(5)   
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Table 6.6 Important Structural Parameters for Complex 6, 7 and 9-13. 
Complex M'···M (Å) av. twist angle φ 
(deg)* 
dihedral angle θ 
(deg)** 
6 FeIIINiII 3.477 38.5 33.9/33.9/33.9 
7 FeIIIZnII 3.608 33.3 33.4/33.4/33.4 
9 FeIIIMnII 3.657 16.7 23.7/27.5/25.3 
10 FeIIIFeII 3.364 44.2 36.6/36.6/36.6 
11 FeIIICuII 3.493 35.4 33.3/33.3/33.3 
12 CoIIIFeII 3.429 44.9 37.4/37.4/37.4 
13 CrIIINiII 3.518 37.6 33.9/33.9/33.9 
 
* The Trigonal twist angle is the angle between the triangular faces comprising 
N(12)N(12)#1N(12)#2 and N(18)N(18)#1N(12)#2 and has been calculated as the mean 
of the Newman projection angles viewed along the centroids of focus. For an ideal 
trigonal prismatic arrangement, φ is 0º and for an octahedron or trigonal-antiprismatic 
arrangement φ is 60º. 
**Dihedral angles θ between the planes comprising M'(O-N) and M(N-O) atoms show 
that the cores M'(O-N)M are not linear. 
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Table 6.7 Selected Bond Lengths [Å] for [L'FeIIIMII(PyA)3]2+ &[L'FeIIIMII(ImOx)3]2+.28  
With PyA FeIIIZnII FeIIICuII FeIIINiII FeIIIFeII 
Fe-N(1) 
Fe-N(2) 
Fe-N(3) 
Fe-O(1) 
Fe-O(2) 
Fe-O(3) 
M-N(5)py 
M-N(7)py 
M-N(9)py 
M-N(6)ox 
M-N(8)ox 
M-N(4)ox 
2.201(4) 
2.206(4) 
2.196(4) 
1.973(3) 
1.967(3) 
1.949(4) 
2.149(4) 
2.159(4) 
2.160(4) 
2.155(4) 
2.155(4) 
2.205(4) 
2.187(3) 
2.201(3) 
2.186(3) 
1.950(2) 
1.993(2) 
1.967(2) 
2.293(3) 
2.114(3) 
2.023(3) 
2.002(3) 
2.129(3) 
2.150(3) 
2.192(6) 
2.186(6) 
2.190(6) 
1.971(4) 
1.967(5) 
1.989(5) 
2.108(6) 
2.116(6) 
2.093(6) 
2.052(6) 
2.071(6) 
2.063(6) 
2.202(6) 
2.174(8) 
2.195(8) 
1.963(5) 
1.970(7) 
1.976(7) 
1.977(7) 
1.990(8) 
2.001(8) 
1.926(8) 
1.907(8) 
1.922(8) 
 
 
 
With MeImOx FeIIIZnII FeIIICuII FeIIINiII FeIIIFeII 
Fe-N(1) 
Fe-N(1)#1 
Fe-N(1)#2 
Fe-O(11) 
Fe-O(11)#1 
Fe-O(11)#2 
M-N(12) 
M-N(12)#1 
M-N(12)#2 
M-N(18) 
M-N(18)#1 
M-N(18)#2 
2.209(2) 
2.209(2) 
2.209(2) 
1.974(2) 
1.974(2) 
1.974(2) 
2.198(2) 
2.198(2) 
2.198(2) 
2.096(2) 
2.096(2) 
2.096(2) 
2.191(3) 
2.191(3) 
2.191(3) 
1.955(3) 
1.955(3) 
1.955(3) 
2.096(4) 
2.096(4) 
2.096(4) 
2.067(3) 
2.067(4) 
2.067(3) 
2.203(1) 
2.203(1) 
2.203(1) 
1.974(1) 
1.974(1) 
1.974(1) 
2.077(1) 
2.077(1) 
2.077(1) 
2.077(1) 
2.077(1) 
2.077(1) 
2.195(4) 
2.194(4) 
2.194(4) 
1.972(3) 
1.972(3) 
1.972(3) 
1.944(3) 
1.944(3) 
1.944(3) 
1.966(3) 
1.966(3) 
1.966(3) 
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6.8 Magnetic Properties  
 The magnetic susceptibility data for a polycrystalline dried sample of 6-14 were 
collected in the temperature range 2–290 K in an applied magnetic field of 1 T to 
investigate the nature and magnitude of the exchange interaction propagated by the 
bridging oxime ligands. A plot of µ eff (effective magnetic moment) vs. T (temperature) is 
displayed in Figure 6.7 The experimental magnetic data were simulated using the least-
squares fitting computer program JulX with a full-matrix diagonalization exchange 
coupling. The solid lines in Figure 6.7 represent the simulations.  
 Complexes 7 and 8 each contain only one paramagnetic center, Fe(III) and Ni(II), 
respectively and thus, are magnetically mononuclear complexes. Above 20 K, complex 7 
exhibits temperature independent µ eff values of 5.87 ± 0.07 µB, which is simply the spin-
only value for an S = 5/2 system. Simulations of the experimental magnetic moment data 
yield a gFe-value of 2.00 with SFe = 5/2 and SZn = 0, for 7. The magnetic moment 
µ eff/molecule for 8 decreases slowly from 3.07 µB (χMT = 1.18 cm3 mol–1 K) at 290 K and 
to 2.98 µB (χMT = 1.11 cm3 mol–1 K) at 10 K. Below 10 K, the µeff decreases rapidly and 
reaches a value of 2.51 µB (χMT = 0.79 cm3 mol–1 K) at 2 K. This µ eff/molecule value is 
higher than the spin only vale for S = 1 system at 5 – 290 K, which is in agreement with a 
certain amount of spin-orbit coupling at h.s. Ni(II) center. Simulations of the 
experimental magnetic moment data yield a gNi-value of 2.13 with SNi = 1 and SGa = 0, 
for 8. The observed gNi value agrees well with the comparable gNi values reported  
earlier. 22,27,28 
Complexes 10 and 14 also contain only one paramagnetic center viz. Fe(III) 
(h.s.)/Cr(III), thus those complexes are again magnetically mononuclear. In the range 10-
290 K complexes 10 and 14 exhibit temperature independent µeff values of 5.80 ± 0.1 µB 
and 3.74 ± 0.01 µB, respectively. Below 10 K those values drop rapidly to 4.77 µB and 
3.53 µB. Below 10 K, the decrease in µeff values due to the combined effects of field 
saturation, exchange and single ion zero-field splitting. There are five unpaired electrons 
localized on the Fe(III) center in 10 and three unpaired electrons localized on the Cr(III) 
center in 14, and the ‘spin-only’ (g = 2.00) magnetic moments are 5.91 µB and 3.87 µB, 
respectively. The experimental µeff values clearly indicate that those complexes are 
genuine Fe(III)Fe(II) (h.s.-l.s.) and Cr(III)Zn(II) with a low spin Fe(II) ion or a 
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diamagnetic d10 Zn(II) ion. Simulations of the magnetic moment data yield a gFe(III)-value 
of 2.00 with SFe(III) = 5/2 and SFe(II) = 0 for 10 and a gCr value of 1.94 with SCr(III) = 5/2 
and SZn(II) = 0  for 14 (Figure 6.7b). 
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Figure 6.7a Temperature-dependence of the magnetic moment µ eff of 7 (left) and 8 (right) 
at an applied magnetic field of 1 T. The bold points represent the experimental data while 
the solid line represents the simulation. 
 
At 290 K, complex 6 exhibits an effective magnetic moment, µeff, of 5.55 µB (χMT 
= 3.85 cm3 mol–1 K) which is lower than the high temperature limit expected for 
magnetically uncoupled one h.s. iron(III) ion and one nickel(II) ion. This magnetic 
moment decreases monotonically with decreasing temperature to reach a value of µ eff = 
3.26 µB (χMT = 1.33 cm3 mol–1 K) at 10 K; below 5 K there is a sharp drop reaching a 
value of µ eff = 2.54 µB (χMT = 0.81 cm3 mol–1 K) at 2 K. This magnetic behavior clearly 
indicates the presence of an antiferromagnetic exchange coupling between the h.s. Fe(III) 
center and h.s. Ni(II) center in 6. The µeff value at 2 K indicates a non-diamagnetic low-
lying state. The sharp drop of µeff at 2 K is due to the combined effects of field saturation, 
exchange and single-ion zero-field. The temperature dependence of µ eff was well 
simulated, shown as a solid line in Figure 6.7c, with the parameters J = -28.7 cm-1, gFe = 
2.00, gNi = 2.15 cm-1, DFe = - 3.8 cm-1, DNi = - 7.5 cm-1 (fixed), E/D = 0.1. It should be 
mentioned that it is difficult to evaluate the D and E/D value accurately from SQUID 
measurements, but in this case without such kind of D and E/D values experimental 
values at low temperature (2-20 K) do not fit well with the experimental values. 
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Moreover, these D and E/D values are in well accord with the EPR simulation. The 
observed antiferromagnetic coupling constant agrees well with the comparable exchange 
coupling constants reported earlier.27 
At 290 K, complex 11 exhibits the effective magnetic moment, µeff, of 5.61 µB 
(χMT = 3.93 cm3 mol–1 K) which is lower than the high temperature limit expected, 6.16 
µB, for magnetically uncoupled one h.s. iron(III) ion and one Cu(II) ion. This magnetic 
moment decreases monotonically with decrease in temperature to reach a value of µ eff = 
4.71 µB (χMT = 2.77 cm3 mol–1 K) at 15 K; below 15 K there is a sharp drop reaching a 
value of µ eff = 3.74 µB (χMT = 1.75 cm3 mol–1 K) at 2 K. This magnetic behavior clearly 
indicates the presence of an antiferromagnetic exchange coupling between the h.s. Fe(III) 
center and Cu(II) center in 11. The µeff value at 2 K indicates a non-diamagnetic low-
lying state. The sharp drop at 2 K due to the combined effects of field saturation, 
exchange and single-ion zero-field. The temperature dependence of µ eff was well 
simulated, shown as a solid line in Figure 6.7c, with the parameters J = -38.0 cm-1, gFe = 
2.00, gCu = 2.15 and |DFe| = 3.8 cm-1. 
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Figure 6.7b Temperature-dependence of the magnetic moment µ eff of 10 (left) and 14 
(right) at an applied magnetic field of 1 T. The bold points represent the experimental 
data while the solid line represents the simulation. 
The magnetic moment µeff/molecule for 9, Fe(III)Mn(II), of  6.72 µB (χM·T = 5.64 
cm3·K·mol-1) at 290 K, is smaller than the spin only value of µeff/molecule (g = 2) for a 
unit composed of noninteracting [Fe(III)Mn(II)] ions is 8.37 µB (χM·T = 7.02 cm3·K·mol-
1) and decreases continuously with decreasing temperature until it reaches a value of 0.37 
10 14 
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µB (χM·T = 0.02 cm3·K·mol-1) at 2 K. Hence the molecule appears to have an 
antiferromagnetic exchange coupling between the paramagnetic Fe(III) ( S = 5/2) and 
Mn(II) (S = 5/2) ions. This temperature dependence behavior is in agreement with a 
diamagnetic ground state, evident from the µeff value at 2 K. The temperature dependence 
of µ eff was well simulated, shown as a solid line in Figure 6.7d, with the parameters J = -
7.3 cm-1, gFe = 2.00 and gMn = 2.00. 
 
The magnetic moment µeff/molecule for 13, Cr(III)Ni(II), of  4.40 µB (χM·T = 2.42 
cm3·K·mol-1) at 290 K, is smaller than the spin only value of µeff/molecule (g = 2) for a 
unit composed of noninteracting [Cr(III)Ni(II)] ions is 4.80 µB (χM·T = 7.02 cm3·K·mol-
1). This magnetic moment decrease monotonically until it reaches a value of 3.38 µB 
((χM·T = 1.43 cm3·K·mol-1) at 30 K. Because of normal field saturation the magnetic 
moment decreases further and reaches a value of 1.28 µB ((χM·T = 0.21 cm3·K·mol-1) at 2 
K. This temperature dependence is in accord with a moderate antiferromagnetic coupling 
between the neighbouring Cr(III) and Ni(II) ions in an St = ½ ground state.  The 
temperature dependence of µ eff was well simulated, shown as a solid line in Figure 6.7d, 
with the parameters J = -5.1 cm-1, gCr = 1.95, gNi = 2.10, |DCr| = 3.0 cm-1 and |DNi| = 5.0 
cm-1. The observed gCr and gNi values agree well with values reported earlier.27 One point 
has to be mentioned that it is not possible to evaluate the exact D value from the SQUID 
measurements, but it is necessary to use such kind of D values during the simulation. 
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Figure 6.7c Temperature-dependence of the magnetic moment µ eff of 6 (left) and 11 
(right) at an applied magnetic field of 1 T. The bold points represent the experimental 
data while the solid line represents the simulation 
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Figure 6.7d Temperature-dependence of the magnetic moment µ eff of 9 (left) and 13 
(right) at an applied magnetic field of 1 T. The bold points represent the experimental 
data while the solid line represents the simulation 
 
Table 6.8a Simulated Magnetic Parameters for Dinuclear Complexes 6, 7 and 9-14. 
Complex J (cm-1) gM' gM Ground state (St) 
7 FeIIIZnII (µeff = 5.87 ± 0.07 µB) 2.00 - 5/2 
11 FeIIICuII -38.0 2.00 2.15 4/2 
6 FeIIINiII -28.7 2.00 2.15 3/2 
10 FeIIIFeII (µeff = 5.80 ± 0.1 µB) 2.00 - 5/2 
9 FeIIIMnII -7.3 2.00 2.00 0 
13 CrIIINiII -5.1 1.95 2.10 ½ 
14 CrIIIZnII (µeff = 3.74 ± 0.01 µB) 1.94 - 3/2 
 
Table 6.8b Simulated Magnetic Parameters for Analogous Dinuclear Complexes with 
Pyridinealdoxime Ligand.27,28 
Complex J (cm-1) gM' gM Ground state (St) 
FeIIIZnII (µeff = 5.90 ± 0.02 µB) 2.00 - 5/2 
FeIIICuII -42.5 2.00 2.05 4/2 
FeIIINiII -34.0 2.00 2.12 3/2 
FeIIIFeII (µeff = 5.80 ± 0.05 µB) 1.96 - 5/2 
FeIIIMnII -6.1 2.00 2.00 0 
CrIIINiII -9.2 1.98 2.16 ½ 
9 13 
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CrIIIZnII - 1.96 2.10 3/2 
 
 
Table 6.9 Some Important Magnetic Parameters for Complexes with Imidazoleoxime 
Ligand and Analogous Dinuclear Complexes with Pyridinealdoxime Ligand.27,28 
Complexes 
with MeImOx 
J (cm-1) for Complexes 
with MeImOx 
J (cm-1) for Complexes 
with PyA 
Complexes with 
PyA 
7 FeIIIZnII (µeff = 5.87 ± 0.07 µB) (µeff = 5.90 ± 0.02 µB) FeIIIZnII 
11 FeIIICuII -38.0 -42.5 FeIIICuII 
6 FeIIINiII -28.7 -34.0 FeIIINiII 
10 FeIIIFeII (µeff = 5.80 ± 0.1 µB) (µeff = 5.80 ± 0.05 µB) FeIIIFeII 
9 FeIIIMnII -7.3 -6.1 FeIIIMnII 
13 CrIIINiII -5.1 -9.2 CrIIINiII 
14 CrIIIZnII (µeff = 3.74 ± 0.01 µB) (µeff = 3.87 ± 0.01 µB) CrIIIZnII 
 
Such kinds of complexes with varying dn-electron configuration are more 
informative in comparison to those comprising singly isolated, exchange-coupled clusters 
only and also to verify the Goodenough-Kanamori rules.32 Previously Goodenough-
Kanamori rules have been analyzed by Ginsberg33 and later by Kahn.7 In our earlier 
work27,28 we have also seen that the qualitative trend of the antiferromagnetic exchange 
interactions between the spin carriers in the FeIIIMII pairs [M = Cu, Ni and Mn] with PyA 
ligands are in good accord with the Goodenough-Kanamori rules. From earlier reports it 
has been established that the exchange interactions between the paramagnetic centers 
increase upon decreasing the number of unpaired electrons. As part of our current work 
this trend (Table 6.8a) is very similar to the complexes with PyA (Table 6.8b). From CuII 
to MnII the number of unpaired electrons increases, as a consequence the interacting path 
ways between the two interacting metal centers also increases. So, a FeIIIMnII system 
would have a higher number of cross interactions compared to a FeIIICuII system. 
Alternatively we can say that the number of ferromagnetic pathways would increase for 
FeIIIMnII system. As a result the trend for antiferromagnetic exchange interactions would 
be FeIIICuII < FeIIINiII < FeIIIMnII, which is in complete agreement with the observed 
values. Again the strength of the antiferromagnetic interactions is weaker in the present 
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case compared to complexes with the pyridinealdoxime ligands (Table 6.9). This may be 
because of the higher sigma donating ability of the pyridine-N than that of imidazole-N. 
Additionally, the variation in the strength of the exchange couplings within these two set 
of complexes can be qualitatively correlated to i)M-Nox bond lengths, ii) Non bonding 
FeIII-M/CrIII-Ni distances and iii) distortion of trigonal prismatic to octahedral geometry 
of the M(oximato)3-unit, that enhances the antiferromagnetic exchange coupling by 
making the magnetic orbital-overlap more effective.  Only in case of FeIIIMnII the 
strength of the antiferromagnetic interaction is weaker for complex with imidazoleoxime 
compared to the complexes with the pyridineoxime, which may be because of the high 
distortions in the present case. 
 
6.9 EPR Studies  
Complex 13, CrIIINiII 
 The X-band EPR spectrum of 13 was recorded in CH3CN solution at 10 K to 
establish the electronic ground state of the complex. The spectrum clearly shows a signal 
for an S = ½ system. Simulation of the EPR spectrum yields a g value of 1.88 (gx = 
1.882, gy = 1.884 and gz = 1.879) with St = ½ (Figure 6.8a). 
340 360
2 1,95 1,9 1,85
 
 
dX
''
/d
B
B [mT]
 
Figure 6.8a X-band EPR spectrum of 13, in CH3CN at 10 K (experimental conditions: 
microwave frequency 9.43 GHz, power 0.01 mW, modulation amplitude 10.0 G) together 
with the simulated spectrum (blue line). 
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According to the spin projection properties, the ground state parameters of 
complex 13 are related to the local single-ion values for chromium and nickel by: gt = 
(5/3)gCr – (2/3)gNi.  This spin projection clearly indicates that chromium ion has the 
dominant influence on the properties of the ground state. With the value gCr = 1.95 
derived from the magnetic data (using gNi = 2.10 (fixed)), one obtains for the spin 
quadruplet gt = 1.85, which is very close to the experimental value obtained from the 
EPR simulations (1.88). Hence, EPR and SQUID measurements are in good agreement 
with each other to determine the electronic properties of Cr(III) and Ni(II) ion in 13. 
 
Complex 6, FeIIINiII 
 An X-band EPR spectrum of 6 was recorded in CH3CN solution at 10 K to 
establish the electronic ground state of the complex. The presence of derivative lines at g 
≈ 4 and 2 with strong axial zero-field splitting (Dt > hν) and low rhombicity (0 > E/Dt > 
0.1), are a clear indication of St = 3/2. Additionally, the presence of a distinct sharp peak 
at g ≈ 6, indicates the |ms = ± 3/2 > Kramers doublet to be the ground state (Figure 6.9), 
as a result of the negative zfs parameter Dt. The spectrum could be simulated reasonably 
well by using equation 1 for total spin St = 3/2 with parameters Dt = -7.5 cm-1, E/Dt = 
0.078, gt = (2.010, 2.010, 1.940), and an isotropic g value gt,iso = 1.987 (Figure 6.8b). 
 
        He = D[St,z2 - St(St +1)/3 + (E/D)(St,x2 - St,y2)] + µBB·g·St         equation 1   
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Figure 6.8b X-band EPR spectrum of 6, FeIIINiII, in CH3CN at 10 K (experimental 
conditions: microwave frequency 9.45 GHz, power 0.10 mW, modulation amplitude 14.0 
G) together with the simulated spectrum (blue line). 
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Figure 6.9 A rhombogram for S = 3/2: effective g values of the two intra-doublet 
transitions as a function of the rhombocity η = E/D. 
According to the spin projection properties, the ground state parameters of 
complex 6 are related to the local single-ion values for iron and nickel by:  
Dt = (28/15)DFe + (1/15)DNi (neglecting dipolar contributions)  
and gt = (7/5)gFe – (2/5)gNi.  
This spin projection clearly indicates that iron ion has the dominant influence on the 
properties of the ground state. With the zfs value DFe = - 3.8 cm-1 derived from the 
magnetic data (using DNi = 7.5 cm-1 (fixed)), one obtains for the spin quadruplet Dt = -7.6 
cm-1, which is very close to the experimental value obtained from the EPR simulations (-
7.5 cm-1). Hence, EPR and SQUID measurements are in good agreement with each other 
to determine the electronic properties of Fe(III) and Ni(II) ion in 6. 
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6.10 MCD Studies of Complexes 6, 7 and 8 
The basic principle of MCD has been discussed in Chapter 1 and herein we show 
the experimental spectra within the temperature range 1.8-20 K and assignments of the 
low temperature MCD spectra for 6-8. All other documents have been shown in 
appendices part. 
All the spectra were found to be temperature dependent (Figure 6.10) within the 
temperature range 1.8-20 K. The temperature dependence of the MCD spectrum of Ga-
Ni, 8 shows that the spectrum mainly consists of ‘B’ or ‘C’ terms. In Ga-Ni, as the 
ground state is orbitally nondegenerate, so only ‘A’ terms are expected due to first order 
spin-orbit coupling interaction.37 In this case the ‘C’ term arises due to the spin 
degeneracy and second order spin-orbit coupling interaction of the triplet state, and ‘B’ 
terms arise from the magnetic field induced mixing of the ground state with the excited 
state or the excited state with each other.38,39 The temperature dependence of the MCD 
spectra of 6 and 7 also show that the spectra mainly consist of ‘B’ or ‘C’ terms, which are 
mainly due to the spin degeneracy of the ground states. 
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Figure 6.10a MCD spectra at low temperatures for Fe-Ni (6). MCD spectra were 
recorded with a magnetic field of 5 T at 2.0, 5.3, 10.5, 15.5 and 20.5 K.  
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Figure 6.10b MCD spectra at low temperatures for Ga-Ni (8). MCD spectra were 
recorded with a magnetic field of 5 T at 2.1, 5.2, 10.2, 15.2 and 20.2 K.  
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Figure 6.10c MCD spectra at low temperatures for Fe-Zn (7). MCD spectra were 
recorded with a magnetic field of 5 T at 2.0, 5.3, 10.2, 15.2 and 20.3 K.  
 
A moderate exchange interaction is present in complex 6. Before going to the 
assignment part, we might ask what are the principal effects of exchange coupling that 
can be observed in MCD spectra. In exchange coupled systems, the spin allowed d-d 
bands are basically unaffected by exchange coupling.49 Spin-forbidden d-d bands also 
appear at about the same energy in mononuclear and exchange-coupled systems. 
However, spin-forbidden bands show notable changes as follows: a) The bands increase 
significantly in intensity in exchange-coupled systems; b) some spin-forbidden bands in 
exchange-coupled clusters show very noticeable temperature dependences; c) often new 
absorptions appear at energies near the sum of the energies of two single excitations. As a 
moderate antiferromagnetic exchange interaction is present in complex 6, the d-d and CT 
transitions would not only arise from pure iron or nickel ions, but also from their 
combination. Hence, we have prepared isostructural FeIII-ZnII, 7 and GaIII-NiII, 8 species 
to identify the independent spectroscopic mark of Fe and Ni, respectively, as Zn(II) and 
Ga(III) are devoid of any unpaired d-electrons. 
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 There is vibronic regression observed in the region ~20,000 cm-1 and ~27,000 cm-
1
 due to the overlapping of the bands of the individual transitions of Fe3+ and Ni2+ for 
complex 6 (Figure 6.11c). But, alone complex 6 is not enough to assign the spin allowed 
or spin forbidden d-d transitions of individual iron or nickel ion. Hence, we also 
investigated the MCD and absorption properties of FeIIIZnII, (7) and GaIIINiII (8) to make 
a straight-forward assignments of pure d-d transitions for Fe(III) and Ni(II) ions, 
respectively. All the spectra were resolved with a minimum number of Gaussian bands 
required by the simultaneous analysis of both absorption (room temperature) and MCD 
spectra (2K/ 5T). The band width (full width at half maxima) was fixed at about 1000 cm-
1
 for MCD and at about 2000 cm-1 for absorption spectra during the Gaussian analysis.40 
All the optimization data are represented in appendices part.  
Complex 8 contains Ni(II) ion with an octahedral NiN6 environment, which could 
show several d-d transitions. Theoretically three main d-d transitions are generally 
observed for the octahedral NiN6 chromophores, namely 3A2   3T2(3F), 3A2   3T1(3F) and    
3A2   3T1(3P) with vibronic regression of the spin forbidden bands. Experimentally three 
bands are observed at about 12,000 cm-1, 20,000 cm-1 and 30,000 cm-1 in MCD and 
absorption spectra (Figure 6.11b). The expected nickel bands were assigned according to 
the literature assignments of the nickel amine complexes (Table S2)50 and theory given 
by Liehr and Ballhausen.44,45 The shape of the band observed at 20,000 cm-1 was found to 
be ‘pseudo A’ type formed due to opposite sign ‘B’ and ‘C’ terms. The sign of the C 
terms of the spin-orbit components depend upon the symmetry of the active vibrational 
modes, namely t1u and t2u, as these are the only vibrations in octahedral symmetry which 
are mixed with allowed d-d transitions.46-49 
Theoretically no spin-allowed d-d transition is possible for 7, as the electronic 
configuration Fe(III) is d5-h.s. and Zn(II) is d10. Experimentally a weak transition is 
observed at around 19,000cm-1, followed by a broad band  at around 25,000 cm-1 (Figure 
6.11a). The transitions were assigned with the help of former reports (Table S3).41-43 
Weak transition at 19,000 cm-1 was assigned as 6A1  4T1(4G) and the overlapping 
transitions of 6A1  4T2(4G) and 6A1  4E(4G) are expected in the region of 25,000 cm-1.   
The transitions in Fe-Ni (6) were assigned by comparing the band positions in the 
region observed in their magnetically monomeric complexes viz. Fe-Zn (7) and Ga-Ni 
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(8). Figure 6.11c and Table S1 show that the bands at ~ 20,000 and ~ 27,000 cm -1arise 
due to the overlapping of the bands of the individual transitions of Fe(III) and Ni(II) ions. 
Detailed assignments have been shown in appendices part (Table S1). 
 
Figgure 6.11a MCD (Top) and Absorption spectra (bottom) of Fe-Zn (7). The low 
temperature MCD spectrum was recorded at 2 K/5 T, and Absorption spectrum was 
recorded at room temperature. 
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Figure 6.11b MCD (Top) and Absorption spectra (bottom) of Ga-Ni (8). The low 
temperature MCD spectra were recorded at 2 K/5 T, and Absorption spectra were 
recorded at room temperature. 
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Figure 6.11c MCD (Top) and Absorption spectra (bottom) of Fe-Ni (6). The low 
temperature MCD spectrum was recorded at 2 K/5 T, and Absorption spectrum was 
recorded at room temperature. 
 
 
 
10000 20000 30000 40000
-6,0x106
-4,0x106
-2,0x106
0,0
2,0x106
4,0x106
εε εε     
[[ [[ ΜΜ ΜΜ
−
1
−
1
−
1
−
1 c
m
−
1
−
1
−
1
−
1 ]] ]]
 
 
Energy (cm-1)
 
 
26
25
2423
222120
19
18
17
16
15
14
1312
11
109
8
7
6
5
4
3
2
1
6  
6  
10000 15000 20000 25000 30000 35000 40000
0,0
5,0x104
1,0x105
1,5x105
2,0x105
2,5x105
3,0x105
 
 
28
27
25
23
222120
1916
18
1514131211
109
6
5
εε εε     
[[ [[ ΜΜ ΜΜ
−
1
−
1
−
1
−
1 c
m
−
1
−
1
−
1
−
1 ]] ]]
Energy (cm-1)
Chapter 6  
 159 
6.11 Experimental Section 
L'Fe(III)Cl3 and L'Cr(III)Br3 
1,4,7-trimethyl-1,4,7-triazacyclononane and its iron(III) and chromium complexes 
L'Fe(III)Cl3 and L'Cr(III)Br3 were prepared as described previously.34,35 
 
1-Methyl-2-imidazolecarboxaldehyde oxime (MeImOxH):  
A solution of 1-methyl-2-imidazolecarbaldehyde (2.2 g, 20 mmol) was dissolved 
in MeOH (30 mL), a solution of hydroxylamine hydrochloride (1. g, 20 mmol) and 
Na2CO3 (1.06 g, 10 mmol) in H2O (20 mL) cooled to 0°C. The resulting white precipitate 
was filtered and washed with 30 mL of cold 33% ethanol to give 1.9 g (15.2 mmol) of 1-
Methyl-2-imidazolecarboxaldehyde oxime. The mixture was cooled and the white 
precipitate was collected by suction filtration and recrystallized from MeOH. Yield: 1.9 g 
(75%). m.p. 167-169 °C. 1H NMR (CD3OD, 400 MHz): δ 3.8 (3H, s, CH3), 6.99 (2H, s), 
7.1 (1H, s), 8.0 (1H, s); IR (KBr): υ = 1626 (CN), 1091 (ClO4-), 1005 (NO), 1569, 1517, 
1466 (imidazole) cm-1; MS: m/z 125 (M+, 100%). Purity checked by GC: ~ 99%. 
 
Elemental analysis: 
 %C %H %N 
Calculated 48.0 5.6 33.6 
Found 47.9 5.8 33.4 
 
 
[L'Fe(III)(MeImOx)3M(II)](ClO4)2 (M(II) = Ni(6), Zn(7), Mn(9), Fe(10), Cu(11) )  
 As complexes 6, 7 and 9-11 were prepared in a very similar way, a representative 
method only is described. An argon-scrubbed solution of 1-methyl-2-imidazolealdoxime 
(0.37 g, 3 mmol) in methanol (30 mL) was stirred with M(ClO4)2·6H2O and triethylamine 
(0.5 mL) under argon for 0.5 hour. Solid L'FeCl3 (0.33 g, 1 mmol) was added to the 
resulting solution and the stirring was continued under argon for a further 1 hour at 
ambient temperature. The volume of the solution was reduced by passing over the surface 
of the solution until the micro crystals separated out. The crystals were collected by 
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filtration and air-dried. X-ray quality crystals in >50% yield grew over two days from 
acetonitrile solutions. 
 
Complex 6, FeIIINiII 
Brown crystals. Yield 0.7 g (82%). IR (KBr): υ = 1636 (CN), 1099 (ClO4-), 1005 
(NO), 1567, 1479, 1457 (imidazole) cm-1. UV/Vis (CH3CN): λmax (ε) = 289 (33170), 422 
(4270), 505 (2370), 820 (40), 890 (33) nm (M-1·cm-1). ESI-MS: m/z = 756, 328. 
Elemental analysis: 
 %C %H %N %Fe %Ni 
Calculated 33.6 4.6 19.5 6.5 6.8 
Found 33.5 4.6 20.4 6.7 6.9 
 
Complex 7, FeIIIZnII 
Yellowish-brown crystals. Yield 0.60 g (70%). IR (KBr): υ = 1624 (CN), 1100 
(ClO4-), 1004 (NO), 1567, 1481, 1457 (imidazole) cm-1. UV/Vis (CH3CN): λmax (ε) = 303 
(22800), 481 (6500) nm (M-1·cm-1). ESI-MS: m/z = 763, 331. 
 
Elemental analysis: 
 %C %H %N %Fe %Zn 
Calculated 33.4 4.6 19.5 6.5 7.6 
Found 32.8 4.4 18.9 6.3 7.5 
 
Complex 9, FeIIIMnII 
Deep-brown crystals. Yield 0.52 g (64%). IR (KBr): υ = 1635 (CN), 1088 (ClO4-), 
1005 (NO), 1566, 1528 (imidazole) cm-1. UV/Vis (CH3CN): λmax (ε) = 300 (21200), ESI-
MS: m/z = 951, 753, 327. 
Elemental analysis: 
 %C %H %N %Fe %Mn 
Calculated 34.0 5.0 18.3 5.9 5.8 
Found 33.7 4.8 18.5 6.0 5.8 
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Complex 10, FeIIIFeII 
Dark-brown crystals. Yield 0.65 g (76%). IR (KBr): υ = 1636 (CN), 1093 (ClO4-), 
1003 (NO), 1565, 1512, 1464 (imidazole) cm-1. UV/Vis (CH3CN): λmax (ε) = 312 
(17450), 460 (12700), 930 (310) nm (M-1·cm-1). ESI-MS: m/z = 754, 630, 327. 
 
Elemental analyis: 
 %C %H %N %Fe 
Calculated 33.7 4.6 19.7 13.1 
Found 33.9 4.6 19.7 13.0 
 
Complex 11, FeIIICuII 
Dark-brown crystals. Yield 0.65 g (76%). IR (KBr): υ = 1617 (CN), 1096 (ClO4-), 
1005 (NO), 1567, 1479, 1468 (imidazole) cm-1. UV/Vis (CH3CN): λmax (ε) = 286 
(30800), 406 (4900), 770 (85), 1102 (63) nm (M-1·cm-1). ESI-MS: m/z = 761, 637. 
Elemental analysis: 
 %C %H %N %Fe %Cu 
Calculated 33.4 4.6 19.5 6.5 7.4 
Found 33.3 4.5 19.6 6.3 7.2 
  
[L'CoIII(MeImOx)3FeII](ClO4)2 (12)  
Solid Co(CH3COO)2·4H2O (0.25 g, 1 mmol) was added to a degassed methanolic 
solution (25 mL) of 1,4,7-trimethyl-1,4,7-triazacyclononane (L') (0.17 g, 1 mmol) under 
argon; the solution was stirred further for 1 h. A methanolic solution (25 mL) of (0.37 g, 
3 mmol) of 1-methyl-2-imidazolealdoxime and Fe(ClO4)2·6H2O (0.36 g, 1 mmol) was 
added to the cobalt-containing solution and then stirred at room temperature for 0.5 h. 
The precipitated dark-brown microcrystalline substance was collected by filtration. X-
ray-quality crystals were obtained by recrystallization from CH3CN. Yield 0.5 g (65%). 
IR (KBr): υ = 1636 (CN), 1091 (ClO4-), 10014 (NO), 1577, 1561, 1517, 1463 (imidazole) 
cm-1. UV/Vis (CH3CN): λmax (ε) = 298 (26000), 484 (4400), 590 (900) nm (M-1·cm-1). 
ESI-MS: m/z = 760, 633. 
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Elemental analysis: 
 %C %H %N %Fe %Co 
Calculated 33.6 4.6 19.6 6.5 6.9 
Found 33.8 4.5 19.5 6.4 6.7 
 
[L'Cr(III)(MeImOx)3M(II)](ClO4)2 (M(II) = Ni (13), Zn (14))  
As complexes 13 and 14 were prepared in a very similar way, a representative 
method only is described.  
Step 1: To a suspension of L'CrBr3 (0.46 g, 1 mmol) in 30 mL methanol AgClO4·H2O 
(0.62 g, 2.8 mmol) was added with stirring. The suspension was heated to reflux under 
argon for 0.5 hour yielding a blue-violet solution of [LCrIII(CH3OH)3]3+ with concomitant 
formation of AgBr. The precipitated AgBr was filtered off and a clear blue-violet solution 
A was stored under an argon atmosphere and used for subsequent synthesis. 
 
Step 2: An argon-scrubbled solution of 1-methylimidazole-2-aldoxime (0.37 g, 3 mmol) 
in methanol was stirred with Ni(ClO4)2·6H2O/ Zn(ClO4)2·6H2O (1 mmol) in presence of 
triethylamine ( 3 mmol) for 0.5 h under argon. The resulting solution was added to the 
solution A, and the mixture was heated to reflux for 1 h. The volume of the solution was 
reduced my applying vacuum to get the microcrystalline substance. X-ray quality crystals 
in 60-70 % yield grew over two days from acetonitrile solutions. 
 
Complex 13, CrIIINiII 
Deep-red crystals. Yield 0.53 g (69%). IR (KBr): υ = 1635 (CN), 1099 (ClO4-), 
1004 (NO), 1566, 1458 (imidazole) cm-1. UV/Vis (CH3CN): λmax (ε) = 300 (>15000), 433 
(390), 540 (230), 867 (12) nm (M-1·cm-1).  
Elemental analysis: 
 %C %H %N %Cr %Ni 
Calculated 33.8 4.6 19.7 6.1 6.9 
Found 33.5 4.5 19.5 6.2 7.8 
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Complex 14, CrIIIZnII 
 Dark-brown crystals. Yield 0.51 g (58%). IR (KBr): υ = 1635 (CN), 1091 (ClO4-
), 1004 (NO), 1573, 1464 (imidazole) cm-1. UV/Vis (CH3CN): λmax (ε) = 293 (21100), 
420 (270), 540 (230), 529 (120) nm (M-1·cm-1). ESI-MS: m/z = 851, 758, 651. 
Elemental analysis: 
 %C %H %N %Cr %Zn 
Calculated 33.5 4.6 19.6 6.0 7.6 
Found 33.7 4.5 19.7 6.1 7.4 
 
[L'Ga(III)(MeImOx)3Ni(II)](ClO4)2 (8)  
 Solid GaCl3 (0.18 g, 1 mmol) was added to a degassed methanolic solution 
solution (30 mL) of 1,4,7-trimethyl-1,4,7-triazacyclononane (0.17 g, 1 mmol) under 
argon; the solution was stirred further for 1 h. A methanolic solution (30 mL) of 
MeImOxH (0.37 g, 3 mmol) and Ni(ClO4)2·6H2O (0.36 g, 1 mmol) was added to the 
gallium-containing solution and then stirred at an ambient temperature for 0.5 h. The 
precipitated light-brown microcrystalline substance was collected by filtration. X-ray-
quality crystals were obtained by recrystallization from MeCN. Yield 0.45 g (52%), IR 
(KBr): υ = 1624 (CN), 1100 (ClO4-), 1004 (NO), 1567, 1481, 1457 (imidazole) cm-1. 
UV/Vis (CH3CN): λmax (ε) = 303 (22800), 481 (6500) nm (M-1·cm-1). ESI-MS: m/z = 
763, 331. 
Elemental analysis: 
 %C %H %N %Ga %Ni 
Calculated 33.4 4.6 19.5 6.5 7.6 
Found 32.8 4.4 18.9 6.3 7.5 
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Conclusions 
The main aim of this work is to design polynuclear complexes using different 
polydentate ligand systems for molecular magnetism. Careful design of these polynuclear 
complexes has allowed us to isolate complexes with interesting geometries, and these 
results have led to valuable structural and magnetochemical insights. The main 
information and conclusions of this work are summarized below, and some future 
perspectives are offered. 
 
Chapter 2 
 Tridentate N-methyldiethanolamine ligand acts as a backbone for the synthesis of 
the cluster complexes NaI2NiII16 (1) and NaVIV6 (2). 
 The structure of 1 is basically a tetramer of tetramer. The smaller tetramer 
subunits are connected to each other either by Na+ ions or by formate bridging groups. 
Interestingly no formate had been used during the syntheses, and only the use of the base 
NaOMe yielded 1 (other bases such as Et3N, CH3COO-, NaOH did not yield 1). 
Presumably the methoxide anion becomes oxidized to HCOO- during the reaction and the 
bridging formate does not originate from carbon dioxide of the air.  
Complex 1 exhibits overall antiferromagnetic interaction. After a close 
examination of the structure we have considered only a tetranuclear unit during the 
magnetic simulation due to the symmetry of the molecule. There are two types of µ-oxo 
bridges in each tetranuclear unit. The observed J-values (+4.3 and -5.1 cm-1) are in 
accord with those expected for the Ni–O(alkoxo)–Ni angles prevailing in the cluster: 
Ni(1)–Oalk–Ni(X) lying between 90 and 93°, whereas Ni–Oalk–Ni angles between the 
Ni(2), Ni(3) and Ni(4) centers are 132–134°. The strength of ferromagnetic coupling J1 
related to the angle 90–93° is relatively weak, presumably due to the additional presence 
of an acetate ligand in syn–syn mode. 
The saturated magnetization value of 4.94 measured at 1.9 K and 7 T clearly 
indicates the participation of MS = -4 or -5 Zeeman components. We conclude that the 
expected lowest energy state St = 4, 3, 2, 1 or zero (as the ground state for the tetranuclear 
Conclusions and Perspectives 
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core with the evaluated positive and negative J values is Score = 1) is not well isolated and 
the excited states with S values 4 or higher are within a few wave-numbers from the 
lowest lying state. 
Complex 2 is an example of a ferromagnetically coupled hexa-nuclear wheel-
shaped vanadium(IV) complex containing a Na+ ion at the center of the wheel. Here the 
ClO4- ion is non-innocent and acts as an oxygen transfer agent. 
Similar hexanuclear wheel shaped complexes are known with triethanolamine 
amine as a ligand. However, maximum cases solvothermal techniques have been used. 
We have used normal schlenck line techniques. All the coordination sites of N-
methyldiethanolamine are coordinated to vanadium(IV) ion unlike triethanolamine where 
one -CH2-CH2-OH group is always free. 
Detailed analysis of the temperature dependent magnetic behavior at different 
magnetic fields (1, 0.1 and 0.01 T) demonstrates a ferromagnetic interaction is operative 
between the consecutive vanadium(IV) ions. However evaluation/simulation of the 
SQUID measurements led us to conclude that we can pin point the coupling constant in a 
certain range but not exactly. 
 
Chapter 3 
 We have successfully prepared a single oximato-bridged [MnIII2]n in a facile way. 
As far as we are aware, the title complex is the first reported single oximato-bridged 
dinuclear MnIII complex. Ferromagnetic MnIII-MnIII coupling stabilizes an St = 4 ground 
state and a negative axial zero-field-splitting parameter (DMn) has been observed. This 
work shows that the oximato-bridged MnIII complexes should form an interesting basis 
for high-spin molecules. 
 
Chapter 4  
 To study the spin polarization concept we have synthesized N'N-di(3,5-di-tert-
butyl-salicylidene)-1,3-diaminobenzene (LH2), using meta phenylenediamine as a linker. 
This ligand acts as a backbone for a diferric(III) complex: [L2Fe2(NO3)2] 4. 
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 Detailed analysis of the temperature and field dependent magnetic moment 
behavior demonstrates a ferromagnetic interaction is operative between the two ferric(III) 
centers. 
 In this case the magnetic study alone was not enough to draw a conclusion about 
the magnetic ground state level as J is very small, even smaller than the zero-field 
splitting. Thus, the nature of the magnetic ground state of the dimer, 4, was also 
investigated ‘microscopically’ by Mössbauer spectroscopy at liquid helium temperature 
with applied fields of 1 – 7 T. The hyperfine patterns show large magnetic splitting due to 
the presence of strong internal fields of about 51.6 T. The large splitting particularly rules 
out again anti-ferromagnetic spin coupling. Additionally, the persistent large splitting for 
all applied fields and the sharp lines with a clear quadrupole shift (difference between 
lines 1-2 and 5-6 Figure 4.16) indicate an ‘easy axis’ of magnetization. 
 The ferromagnetic nature of the coupling constant between the two ferric(III) ions 
has been also demonstrated by the DFT calculation. Unrestricted B3LYP DFT scheme 
shows that the spin densities at both iron atoms have the same sign, resulting in a net 
ferromagnetic exchange. 
 Finally, in this case the zero-field splitting parameter, DFe, for iron(III) in 4 is 
larger than the ferromagnetic exchange coupling constant J of the dimer. This means the 
competing zero-field and exchange interactions mix the total spin manifolds, and thus, 
Stotal and Ms, total are no longer good quantum numbers. Therefore we refrain from 
describing our system as having an Stotal = 5 ground state.  
 
Chapter 5 
 Complex 5 is a rare example of mixed valance VIII-VIV complex and this complex 
is stable only in inert atmosphere. The preparation of 5 uses V(III) as starting material, so 
50% of the vanadium ions are oxidized to +IV and a certain percentage of ligand 
converted to C6H4(NH2)2. 
 Magnetic susceptibility analysis shows that singlet and triplet states are very close 
to each other.  EPR analysis suggest that it is necessary to consider the entire molecule 
during the simulations and triplet state is responsible for the multiple line spectrum. 
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Chapter 6  
 Here, 1-methylimidazole-2-aldoxime acts as backbone for the synthesis of a series 
of dinuclear complexes where Me3Tacn acts as a capping ligand. Because of the 
isostructural nature these materials are unique and ideally suited for the study of 
intramolecular exchange interactions between the paramagnetic transition metal ions as a 
function of their respective dn electronic configurations. Nine complexes were isolated 
and they are abbreviated as FeIIINiII (6), FeIIIZnII (7), GaIIINiII (8), FeIIIMnII (9), FeIIIFeII 
(10), FeIIICuII (11), CoIIIFeII (12), CrIIINiII (13), CrIIIZnII (14). Complexes have been 
characterized by elemental analysis, IR spectroscopy, ESI-MS, UV-vis spectroscopy, 
Mössbauer spectroscopy, SQUID, EPR together with X-ray structure analysis. All the 
complexes are isostructural.  
 The magnetic study confirms the essentially σ nature of the exchange interaction 
and applicability of the Goodenough-Kanamori rules in general to predict the nature of 
exchange interactions for different heterometal compounds containing the ferric ion in 
high-spin state. The strength of antiferromagnetic interaction decreases in the following 
order: FeIIICuII > FeIIINiII > FeIIIMnII, as is expected. Additionally, the strength of the 
antiferromagnetic interactions is lower in the present case compared to complexes with 
the pyridinealdoxime ligands. This may be because of the higher sigma donating ability 
of the pyridine-N relative to that of imidazole-N.   
 It is difficult to assign the low intense d-d transition as high intense CT bands are 
present in all the spectra. MCD is an important tool to avoid this kind of problem and 
hence these three complexes have been characterized MCD to assign the electronic 
transitions. Fe(III) h.s. and Ni(II) ions are antiferromagnetically coupled in complex 6. 
Thus, 6 is an important complex to assign the electronic transition in MCD spectrum in a 
moderately coupled system.   
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Perspectives 
A few ideas and perspectives, in the continuation of this work are outlined below: 
1. Synthesis and magnetostructural characterization of Li+, K+, NH4+containing
 
complex 
of N-methydiethanolamine ligand, isostructural with the complexes 1 and 2 need to be 
explored. 
2. Alternating current (AC) susceptibility measurement of the [MnIII]n
 
complex (3), to 
check whether this complex can be a single molecule magnet (SMM). 
3. HF-EPR measurement of the [MnIII]n
 
complex (3) to verify the ground state of the 
complex and for the precise determination of the sign and magnitudes of zero-field 
splitting parameter (D). 
4. Synthesis and magnetostructural characterization of the M2L"2 (M = MnIII, NiII and 
CuII)
 
core congeners isostructural with 4. 
5. MCD properties of the FeIIINiII core with different exchange coupling constant and 
isostructural with 6 needs to be explored. 
6. Synthesis and magnetostructural characterization of heterodinuclear MAIIIMBII
 
complex 
of derivatized imidazole-oxime ligands, isostructural with the complexes 6-14 need to be 
explored. 
7. In traversing the literature of the magnetism of first-row d-block elements we have 
noticed that low valent paramagnetic Ti and V-complexes remain relatively unexplored, 
probably because of difficulties in synthesis and stability. Clearly, these aspects need to 
be further experimentally explored. 
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1. Methods and Equipments 
All the analyses were performed at the Max-Planck-Institut für Bioanorganische 
Chemie, Mülheim an der Ruhr, unless otherwise mentioned. Commercial grade 
chemicals were used for the synthetic purposes and solvents were distilled and dried 
before use. 
Infrared Spectroscopy 
Infrared spectra were measured from 400 to 4000 cm-1 as KBr pellets at room 
temperature on a ‘Perkin-Elmer FT-IR-Spectrophotometer 2000’. 
 
NMR Spectroscopy 
1H- and 13C- NMR spectra were measured using a ‘Bruker ARX 250, DRX 400 or 
DRX 500’. The spectra were referenced to TMS, using the 13C or residual proton signals of 
the deuterated solvents as internal standards.  
 
Mass Spectrometry 
Mass spectra in the Electron Impact mode (EI; 70 eV) were recorded on a 
Finnigan MAT 8200 mass spectrometer. Only characteristic fragments are given with 
intensities. The spectra were normalized against the most intense peak having intensity 
100. Electron Spray Ionization (ESI) mass spectra were recorded either on a Finnigan 
Mat 95 instrument or a Hewlett-Packard HP 5989 mass spectrometer. ESI- and EI- 
spectra were measured by the group of Dr. W. Schrader at the Max-Planck-Institute for 
Coal Research, Mülheim an der Ruhr. 
 
Elemental Analysis 
The determination of the C, H, N and metal content of the compounds was 
performed by the ‘Mikroanalytischen Labor H. Kolbe’, Mülheim an der Ruhr, Germany. 
 
UV-VIS Spectroscopy 
UV-VIS spectra were recorded on a ‘Perkin-Elmer UV-VIS Spectrophotometer 
Lambda 19’or on a Hewlett-Packard HP 8452A diode array spectrophotometer in the 
range 200-1200 nm. For UV-VIS spectro-electrochemical investigations the HP 8452A 
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diode array spectrophotometer was used, by employing a coulometry cuvette and 
Bu4NPF6 as supporting electrolyte. 
 
Electrochemistry 
Cyclic voltammetry, square wave voltammetry and linear sweep voltammetry 
exp.eriments were performed using an ‘EG&G Potentiostat/Galvanostat 273A’. A 
standard three-electrode-cell was employed with a glass-carbon working electrode, a 
platinum-wire auxiliary electrode and Ag/AgCl (saturated LiCl in EtOH) reference 
electrode. Measurements were made under an inert atmosphere at room temperature. The 
potential of the reference electrode was determined using Fc+/Fc as the internal standard. 
  
Magnetic Susceptibility Measurements 
The measurements of the temperature or field dependent magnetization of the 
sample were performed in the range 2 to 290 K at 1, 4 or 7 T on a ‘Quantum Design 
SQUID-Magnetometer MPMS’. The samples were encapsulated in gelatin capsules and 
the response functions were measured four times for each given temperature, yielding a 
total of 32 measured points. The resulting volume magnetization from the samples had its 
diamagnetic contribution compensated and was recalculated as volume susceptibility. 
Diamagnetic contributions were estimated for each compound by using Pascal’s 
constants. The exp.erimental results were fitted with the program JULIUS calculating 
through full-matrix diagonalization of the Spin-Hamiltonian. The following Hamiltonian-
operators were used: 
HZE = µB∑ gi Ŝi .B 
HHDVV = -2 ∑ Jij Ŝi . Ŝj 
HZFS = ∑Di[Ŝiz2-{Si(Si+1)/3}+ Ei/Di(Ŝix2- Ŝiy2)] 
Indexes i,j indicate individual spins. For the magnetic measurement the calculated g 
values obtained during simulation is the isotropic. 
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EPR Spectroscopy 
First derivative X-Band EPR spectra of powdered or frozen solution samples were 
measured with a ‘Bruker ESP 300 Spectrometer’ coupled to an ‘Oxford Instruments ESR 
910-Cryostat’. 
 
57Fe-Mössbauer Spectroscopy 
57Fe-Mössbauer spectra were measured with an Oxford Instruments Mössbauer 
spectrometer in the constant acceleration mode. 57 Co/Rh was used as the radiation 
source. The minimum exp.erimental linewidths were 0.24 mm/s. The temperature of the 
sample was controlled by an ‘Oxford Instruments Variox Cryostat’. Isomer shifts were 
determined relative to α-iron at 300K. The measurements were carried out at 80K and 
100K with solid samples containing the isotope 57Fe. 
 
Crystallography 
X-ray diffraction data were collected on an ‘Enraf-Nonius CAD4 Diffractometer’ 
or on a ‘Siemens Smart System’. Graphite-monochromatized Mo-Kα with λ = 0.71073 Å 
was employed. Data were collected by the 2θ-ω scan method (3≤2θ≤50°). The data were 
corrected for absorption and Lorenz polarization effects. The structures were solved by 
direct methods and subsequent Fourier-difference techniques, and refined anisotropically 
by full-matrix least-squares on F2 with the program SHELXTL PLUS. Hydrogen atoms 
were included at calculated positions with U < 0.08 Å2 in the last cycle of refinement. 
 
GC / GC-MS Analysis 
GC of the organic products were performed either on HP 6890 instruments using 
RTX-5 Amine 13.5 m S-63 columns respectively. GC-MS was performed using the 
above column coupled with a HP 5973 mass spectrometer with mass selective detector. 
 
MCD Spectroscopy 
 Magnetic circular dichroism spectra were obtained on a home built instrument consisting 
of a JASCO J-715 spectropolarimeter and an Oxford Instruments SPECTROMAG 
magnetocryostat which is capable of generating magnetic fields up to 11T. Spectra were 
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taken for samples dissolved in butyronitrile which resulted in high quality glasses suitable 
for optical spectroscopy at low temperatures. Simultaneous gaussian resolution of 
absorption and MCD spectra were performed using Peakfit. All the measurements and 
VTVH-MCD fitting were done by Dr Sunita Salunke-Gawli of our group. 
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2. Crystallographic Data 
Crystal Data and Structure Refinement for 1 
 
Identification code  5580 
Empirical formula  C108 H257 N15 Na2 Ni16 O89 
Formula weight  4175.63 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P212121, No. 19 
Unit cell dimensions a = 19.3308(6) Å α = 90° 
 b = 26.0589(8) Å β = 90° 
 c = 36.1281(12) Å γ = 90° 
Volume 18199.1(10) Å3 
Z 4 
Density (calculated) 1.524 Mg/m3 
Absorption coefficient 1.713 mm-1 
F(000) 8768 
Crystal size 0.20x 0.08 x 0.04 mm3 
Theta range for data collection 2.93 to 23.50° 
Index ranges -21<=h<=21, -29<=k<=28, -40<=l<=40 
Reflections collected 136036 
Independent reflections 26843 [R(int) = 0.1330] 
Completeness to theta = 23.50° 99.5 % 
Absorption correction Gaussian 
Max. and min. transmission  0.9342 and 0.7509 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 26843/ 81 / 2061 
Goodness-of-fit on F2 1.131 
Final R indices [I>2sigma(I)] R1 = 0.0798, wR2 = 0.1495 
R indices (all data) R1 = 0.1066, wR2 = 0.1608 
Absolute structure parameter 0.029(15) 
Largest diff. peak and hole 0.972 and -0.657 e.Å-3 
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Crystal Data and Structure Refinement for 2 
 
Identification code  5902 
Empirical formula  C33 H74 Cl N6 Na O24 V6 
Formula weight  1291.05 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  Cc, No. 9 
Unit cell dimensions a = 13.5049(12) Å α = 90°. 
 b = 23.205(2) Å β = 90.623 (6)° 
 c = 33.414(3) Å γ = 90°. 
Volume 10467.16) Å3 
Z 8 
Density (calculated) 1.639 Mg/m3 
Absorption coefficient 1.170 mm-1 
F(000) 5328 
Crystal size 0.11x 0.10 x 0.02 mm3 
Theta range for data collection 5.59 to 23.50° 
Index ranges -15<=h<=15, -26<=k<=26, -37<=l<=37 
Reflections collected 39291 
Independent reflections 14982 [R(int) = 0.0972] 
Completeness to theta = 23.50° 97.6 %  
Absorption correction Semi – empirical from equivalents 
Max. and min. transmission  0.9770 and 0.8821 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 14982/ 14 / 1282 
Goodness-of-fit on F2 1.042 
Final R indices [I>2sigma(I)] R1 = 0.0771, wR2 = 0.1869 
R indices (all data) R1 = 0.1001, wR2 = 0.2032 
Absolute structure parameter 0.51(3) 
Largest diff. peak and hole 0.631 and -0.609 e.Å-3 
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Crystal Data and Structure Refinement for 3 
 
Identification code  5270 
Empirical formula  C20 H22 Mn2 N12 O8 
Formula weight  668.38 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1, No.2 
Unit cell dimensions a = 7.9237(5) Å α = 94.011(5)° 
 b = 8.8121(5) Å β = 102.488(5)° 
 c = 10.0035(6) Å γ = 102.992(5)° 
Volume 659.33(7) Å3 
Z 1 
Density (calculated) 1.683 Mg/m3 
Absorption coefficient 1.028 mm-1 
F(000) 3160 
Crystal size 0.10 x 0.05 x 0.03 mm 
Theta range for data collection 2.98 to 27.50° 
Index ranges -10<=h<=10, -11<=k<=11, -12<=l<=12 
Reflections collected 9729 
Independent reflections 3020 [R(int) = 0.0742] 
Completeness to theta = 27.50° 99.8 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3020 / 0 / 193 
Goodness-of-fit on F2 1.110 
Final R indices [I>2sigma(I)] R1 = 0.0653, wR2 = 0.1598 
R indices (all data) R1 = 0.0878, wR2 = 0.1738 
Largest diff. peak and hole 1.553 and -0.755 e.Å-3 
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Crystal Data and Structure Refinement for 4 
 
Identification code  5695 
Empirical formula  C79 H108 Cl2 Fe2 N6 O10 
Formula weight  1484.31 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 30.004(3) Å α = 90°. 
 b = 20.167(2) Å β = 90.951(6)° 
 c = 13.5983(9) Å γ = 90°. 
Volume 8227.1(13) Å3 
Z 4 
Density (calculated) 1.198 Mg/m3 
Absorption coefficient 0.474 mm-1 
F(000) 3160 
Crystal size 0.04 x 0.03 x 0.02 mm3 
Theta range for data collection 3.00 to 22.50° 
Index ranges -32<=h<=32, -21<=k<=21, -14<=l<=14 
Reflections collected 82051 
Independent reflections 10735 [R(int) = 0.1418] 
Completeness to theta = 22.50° 99.7 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10735 / 47 / 911 
Goodness-of-fit on F2 1.067 
Final R indices [I>2sigma(I)] R1 = 0.0754, wR2 = 0.1434 
R indices (all data) R1 = 0.1517, wR2 = 0.1794 
Largest diff. peak and hole 0.505 and -0.688 e.Å-3 
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Crystal Data and Structure Refinement for 5 
 
Identification code  6132 
Empirical formula  C100 H155 Cl10 N6  O9.5 V4 
Formula weight  2151.58 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic, P-1, No.2 
Space group  Cc, No. 9 
Unit cell dimensions a = 15.0798(9) Å α = 113.412(3)° 
 b = 0.4731(13) Å β = 96.194 (2)° 
 c = 22.21243) Å γ = 103.904(3)° 
Volume 5947.3(6) Å3 
Z 2 
Density (calculated) 1.203 Mg/m3 
Absorption coefficient 0.580 mm-1 
F(000) 2274 
Crystal size 0.2x 0.2 x 0.1 mm3 
Theta range for data collection 2.76 to 25.00° 
Index ranges -15<=h<=17, -24<=k<=24, -26<=l<=26 
Reflections collected 97715 
Independent reflections 20900 [R(int) = 0.1654] 
Completeness to theta = 25.00° 99.8 %  
Absorption correction Semi – empirical from equivalents 
Max. and min. transmission  0.9348 and 0.8552 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 209000/ 226 / 1247 
Goodness-of-fit on F2 1.011 
Final R indices [I>2sigma(I)] R1 = 0.0685, wR2 = 0.1695 
R indices (all data) R1 = 0.1300, wR2 = 0.2074 
Largest diff. peak and hole 1.369 and -0.836 e.Å-3 
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Crystal Data and Structure Refinement for 6 
 
Identification code  5708 
Empirical formula  C24 H39 Cl2 Fe N12 Ni O11 
Formula weight  857.13 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Trigonal 
Space group  R – 2c, No. 167 
Unit cell dimensions a = 12.3400(3) Å α = 90° 
 b = 12.3400(3) Å β = 90° 
 c = 78.516(3) Å γ = 120° 
Volume 10354.3(5) Å3 
Z 12 
Density (calculated) 1.650 Mg/m3 
Absorption coefficient 1.195 mm-1 
F(000) 5316 
Crystal size 0.03x 0.26 x 0.08 mm3 
Theta range for data collection 3.11 to 35.00° 
Index ranges -19<=h<=19, -15<=k<=10, -100<=l<=125 
Reflections collected 31963 
Independent reflections 5035 [R(int) = 0.0393] 
Completeness to theta = 35.00° 99.0 %  
Absorption correction Semi – empirical from equivalents 
Max. and min. transmission  0.7453 and 0.3757 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5035/ 21 / 169 
Goodness-of-fit on F2 1.036 
Final R indices [I>2sigma(I)] R1 = 0.0383, wR2 = 0.1000 
R indices (all data) R1 = 0.0496, wR2 = 0.1071 
Largest diff. peak and hole 0.977 and -0.995 e.Å-3 
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Crystal Data and Structure Refinement for 7 
 
Identification code  5702 
Empirical formula  C24 H39 Cl2 Fe N12 O11 Zn 
Formula weight  863.79 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Trigonal 
Space group  R – 3c, No.167 
Unit cell dimensions a = 12.3961(3) Å α = 90° 
 b = 12.3961(3) Å β = 90° 
 c = 78.710(3) Å γ = 120° 
Volume 10474.4(5) Å3 
Z 12 
Density (calculated) 1.643 Mg/m3 
Absorption coefficient 1.329 mm-1 
F(000) 5340 
Crystal size 0.10 x 0.07 x 0.02 mm 
Theta range for data collection 3.11 to 28.35° 
Index ranges -16<=h<=16, -16<=k<=16, -104<=l<=104 
Reflections collected 76274 
Independent reflections 2917 [R(int) = 0.0662] 
Completeness to theta = 28.35° 99.7 %  
Absorption correction Semi – empirical from equivalents 
Max. and min. transmission  0.7453 and 0.3757 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2917 / 21 / 169 
Goodness-of-fit on F2 1.044 
Final R indices [I>2sigma(I)] R1 = 0.0397, wR2 = 0.1022 
R indices (all data) R1 = 0.0528, wR2 = 0.1103 
Largest diff. peak and hole 0.822 and -0.696 e.Å-3 
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Crystal Data and Structure Refinement for 8 
 
Identification code  5976 
Empirical formula  C24 H39 Cl2 Ga N12 Ni O11 
Formula weight  871.0 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Trigonal 
Space group  R – 3C 
Unit cell dimensions a = 12.3321(7) Å α = 90° 
 b = 12.3321(7) Å β = 90° 
 c = 78.163(7) Å γ = 120° 
Volume 10294.5(12) Å3 
Z 12 
Density (calculated) 1.686 Mg/m3 
Absorption coefficient 1.564 mm-1 
F(000) 5376 
Crystal size 0.36 x 0.34 x 0.07 mm 
Theta range for data collection 3.13 to 33.22° 
Index ranges -13<=h<=18, -18<=k<=18, -120<=l<=120 
Reflections collected 47599 
Independent reflections 4373 [R(int) = 0.0591] 
Completeness to theta = 33.22° 99.3 %  
Absorption correction Semi – empirical from equivalents 
Max. and min. transmission  0.7444 and 0.4517 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4373 / 21 / 169 
Goodness-of-fit on F2 1.034 
Final R indices [I>2sigma(I)] R1 = 0.0383, wR2 = 0.0998 
R indices (all data) R1 = 0.0495, wR2 = 0.1065 
Largest diff. peak and hole 1.068 and -1.050 e.Å-3 
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Crystal Data and Structure Refinement for 9 
 
Identification code     5728 
Empirical formula  C27H47Cl2.50FeMnN12.50O13 
Formula weight  954.19 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Unit cell dimensions a = 26.7855(7) Å α = 90° 
 b = 14.5962(4) Å β = 107.2° 
 c = 22.2784(6) Å γ = 120° 
Volume 832221(4) Å3 
Z 8 
Density (calculated) 1.523 Mg/m3 
Absorption coefficient 1.073 mm-1 
F(000) 3952 
Crystal size 0.06 x 0.24 x 0.30 mm 
Theta range for data collection 2.9 to 32.5° 
Index ranges -40<=h<=38, -22<=k<=22, -33<=l<=33 
Reflections collected 113157 
Independent reflections 15040 [R(int) = 0.0517] 
Completeness to theta = 32.50° 99.8 %  
Absorption correction 0.89 mm-1 
Max. and min. transmission  0.9488 and 0.7770 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 15040 / 72 / 586 
Goodness-of-fit on F2 1.91 
Final R indices [I>2sigma(I)] R1 = 0.0771, wR2 = 0.2522 
R indices (all data) R1 = 0.0939, wR2 = 0.2607 
Largest diff. peak and hole 2.28 and -1.36 e.Å-3 
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Crystal Data and Structure Refinement for 10 
 
Identification code     5725 
Empirical formula  C24 H39 Cl2 Fe2 N12 O11  
Formula weight  854.27 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Trigonal 
Space group  R 32, No.155 
Unit cell dimensions a = 12.1963(11) Å α = 90° 
 b = 12.1963(11) Å β = 90° 
 c = 40.064(4) Å γ = 120° 
Volume 5161.1(8) Å3 
Z 6 
Density (calculated) 1.649 Mg/m3 
Absorption coefficient 1.073 mm-1 
F(000) 2646 
Crystal size 0.055 x 0.040 x 0.034 mm 
Theta range for data collection 3.67 to 30.00° 
Index ranges -17<=h<=17, -14<=k<=17, -56<=l<=52 
Reflections collected 16303 
Independent reflections 3276 [R(int) = 0.087] 
Completeness to theta = 30.00° 96.7 %  
Absorption correction Semi – empirical from equivalents 
Max. and min. transmission  0.7453 and 0.3757 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3276 / 21 / 164 
Goodness-of-fit on F2 1.036 
Final R indices [I>2sigma(I)] R1 = 0.0571, wR2 = 0.1117 
R indices (all data) R1 = 0.0849, wR2 = 0.1226 
Absolute structure parameter 0.11(3) 
Largest diff. peak and hole 0.787 and -0.660 e.Å-3 
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Crystal Data and Structure Refinement for 11 
 
Identification code  5762 
Empirical formula  C24 H39 Cl2 Cu Fe N12 O11  
Formula weight  861.96 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Trigonal 
Space group  R – 3c, No.167 
Unit cell dimensions a = 12.2693(5) Å α = 90° 
 b = 12.2693(5) Å β = 90° 
 c = 78.349(5) Å γ = 120° 
Volume 10214.2(8) Å3 
Z 12 
Density (calculated) 1.682 Mg/m3 
Absorption coefficient 1.283 mm-1 
F(000) 5328 
Crystal size 0.36 x 0.34 x 0.07 mm 
Theta range for data collection 3.12 to 25.99° 
Index ranges -15<=h<=15, -12<=k<=15, -96<=l<=96 
Reflections collected 44322 
Independent reflections 2239 [R(int) = 0.0957] 
Completeness to theta = 25.99° 99.8 %  
Absorption correction Gaussian 
Max. and min. transmission  0.9006 and 0.6843 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2239 / 21 / 169 
Goodness-of-fit on F2 1.091 
Final R indices [I>2sigma(I)] R1 = 0.0532, wR2 = 0.1240 
R indices (all data) R1 = 0.0728, wR2 = 0.1341 
Largest diff. peak and hole 0.776 and -0.635 e.Å-3 
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Crystal Data and Structure Refinement for 12 
 
Identification code  5832 
Empirical formula  C24 H39 Cl2 Co Fe N12 O11  
Formula weight  857.35 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Trigonal 
Space group  R 32, No.155 
Unit cell dimensions a = 12.1561(5) Å α = 90° 
 b = 12.1561(5) Å β = 90° 
 c = 39.878(2) Å γ = 120° 
Volume 5103.3(8) Å3 
Z 6 
Density (calculated) 1.674 Mg/m3 
Absorption coefficient 1.146 mm-1 
F(000) 2652 
Crystal size 0.15 x 0.15 x 0.04 mm 
Theta range for data collection 3.90 to 32.49° 
Index ranges -18<=h<=18, -17<=k<=17, -60<=l<=60 
Reflections collected 47102 
Independent reflections 4127 [R(int) = 0.087] 
Completeness to theta = 32.49° 99.7 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4127 / 21 / 168 
Goodness-of-fit on F2 1.086 
Final R indices [I>2sigma(I)] R1 = 0.0720, wR2 = 0.1881 
R indices (all data) R1 = 0.0835, wR2 = 0.1981 
Absolute structure parameter 0.06(4) 
Largest diff. peak and hole 1.020 and -1.339 e.Å-3 
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Crystal Data and Structure Refinement for 13 
 
Identification code  5968 
Empirical formula  C24 H39 Cl2 Cr N12 Ni O11  
Formula weight  853.28 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Trigonal 
Space group  R – 3c, No.167 
Unit cell dimensions a = 12.3381(7) Å α = 90° 
 b = 12.3381(7) Å β = 90° 
 c = 78.347(6) Å γ = 120° 
Volume 10328.8(11) Å3 
Z 12 
Density (calculated) 1.646 Mg/m3 
Absorption coefficient 1.092 mm-1 
F(000) 5292 
Crystal size 0.36 x 0.34 x 0.07 mm 
Theta range for data collection 3.12 to 34.28° 
Index ranges -19<=h<=19, -18<=k<=18, -123<=l<=122 
Reflections collected 55757 
Independent reflections 3276 [R(int) = 0.087] 
Completeness to theta = 34.28° 97.8 %  
Absorption correction Semi – empirical from equivalents 
Max. and min. transmission  0.9275 and 0.6946 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4701 / 21 / 169 
Goodness-of-fit on F2 1.041 
Final R indices [I>2sigma(I)] R1 = 0.0470, wR2 = 0.1182 
R indices (all data) R1 = 0.0642, wR2 = 0.1294 
Largest diff. peak and hole 0.908 and -0.842 e.Å-3 
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3. Magnetochemical Data 
 
Complex [NaI2{NiII4(HL)3(OOCCH3)5(HCOO)0.5}4] (1) 
 
MW = 3672 g/mol, χdia = -1750.0 x 10-6 cm3 mol-1 
m = 53.64 mg, H = 1.00 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1 2  6.21886       -             4.83574      - 
2 5.03  6.75028       -             5.69751      - 
3 10  7.49565       -  7.02522      - 
4 15  8.19409       -  8.39542      - 
5 20  8.66999       -  9.39893      - 
6 29.99  9.18884       -  10.55754      - 
7 40  9.49086       -   11.26295      - 
8 50.01  9.72306       -  11.82081      - 
9 60.03  9.92088       -  12.3067      - 
10 70.05  10.101        -  12.75763      - 
11 80.07  10.2687       -  13.18476      - 
12 90.08  10.4167       -  13.56755      - 
13 100.15  10.5587       -  13.93998      - 
14 110.07  10.6779       -  14.2565      - 
15 120.13  10.7937       -  14.56739      - 
16 130.16  10.8896       -  14.8274      -  
17 140.18  10.9856       -  15.08998      - 
18 150.2  11.072        -  15.32828      - 
19 160.19  11.1523       -  15.55142      - 
20 170.23  11.2293       -  15.76691      - 
21 180.23  11.2961       -  15.95505      - 
22 190.24  11.362        -  16.14176      - 
23 200.25  11.4195       -  16.30555      - 
24 210.26  11.4753       -  16.46529      - 
25 220.24  11.5291       -  16.62004      - 
26 230.24  11.5757       -  16.75466      - 
27 240.25  11.6208       -  16.88547      - 
28 250.28  11.6534       -  16.98034      - 
29 260.14  11.6809       -  17.06058      - 
30 270.24  11.7236       -  17.18554      - 
31 280.34  11.7656       -  17.3089      - 
32 290.29  11.8086       -  17.43564      - 
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Complex [NaI2{NiII4(HL)3(OOCCH3)5(HCOO)0.5}4]0.25 (1')** 
 
MW = 918 g/mol. χdia = -437.0 x 10-6 cm3 mol-1 
m = 53.64 mg, H = 1.00 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1 2  3.10943 2.95754 1.20893 1.09371 
2 5.03  3.37514 3.09384 1.42438 1.19684 
3 10  3.74782 3.59284 1.7563  1.61405 
4 15  4.09704 4.06382 2.09885 2.06495 
5 20  4.335  4.31335 2.34974 2.32633 
6 29.99  4.59441 4.56862 2.63937 2.60982 
7 40  4.74541 4.73611 2.81571 2.80469 
8 50.01  4.86151 4.87373 2.95518 2.97005 
9 60.03  4.96041 4.99227 3.07664 3.11629 
10 70.05  5.05048 5.09499 3.18938 3.24585 
11 80.07  5.13432 5.1844  3.29615 3.36077 
12 90.08  5.20833 5.26218 3.39186 3.46236 
13 100.15  5.27932 5.33055 3.48495 3.55292 
14 110.07  5.3389  5.38964 3.56406 3.63212 
15 120.13  5.39677 5.44239 3.64174 3.70357 
16 130.16  5.44475 5.48898 3.70678 3.76725 
17 140.18  5.49277 5.53031 3.77245 3.8242 
18 150.2  5.53594 5.56721 3.83199 3.8754 
19 160.19  5.57612 5.60028 3.88781 3.92158 
20 170.23  5.6146  5.6302  3.94166 3.96359 
21 180.23  5.64798 5.65718 3.98866 4.00167 
22 190.24  5.68093 5.68171 4.03534 4.03645 
23 200.25  5.7097  5.70409 4.07632 4.06831 
24 210.26  5.73759 5.72459 4.11624 4.0976 
25 220.24  5.76445 5.74334 4.15487 4.12449 
26 230.24  5.78777 5.76065 4.18855 4.14939 
27 240.25  5.81032 5.77665 4.22125 4.17247 
28 250.28  5.82663 5.79151 4.24498 4.19397 
29 260.14  5.84034 5.8051  4.26498 4.21367 
30 270.24  5.86172 5.81804 4.29627 4.23248 
31 280.34  5.88271 5.83009 4.32709 4.25003 
32 290.29  5.90421 5.84123 4.35878 4.26628 
 
**During the simulation 1/4th of 1 has been considered. 
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Complex [NaL6(V=O)6]ClO4 (2) 
 
MW = 1315.15 g/mol, χdia = -500.0 x 10-6 cm3 mol-1 
m = 24.36 mg, H = 1.00 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1  2     5.99321 8.20704 4.49118 8.42198 
2 25     6.59961 6.9366  5.446  6.01637 
3 9.99     6.43951 6.41328 5.18498 5.14282 
4 14.99     6.05282 6.03327 4.58096 4.55142 
5 20.01     5.76082 5.74806 4.14963 4.13127 
6 30     5.37336 5.37483 3.61021 3.61219 
7 40     5.13784 5.14479 3.30067 3.30961 
8 50.03     4.98246 4.98829 3.10405 3.11132 
9 60.02     4.86711 4.87567 2.96199 2.97242 
10 70.09     4.78301 4.78971 2.86051 2.86853 
11 80.04     4.71836 4.72321 2.78371 2.78943 
12 90.13     4.67091 4.66902 2.728  2.72579 
13 100.18     4.62738 4.62471 2.67739 2.6743 
14 110.19     4.59292 4.58783 2.63766 2.63182 
15 120.01     4.56442 4.55709 2.60503 2.59667 
16 130.13     4.53404 4.52993 2.57047 2.56581 
17 140.18     4.51028 4.5065  2.5436  2.53933 
18 150.21     4.49193 4.48606 2.52294 2.51635 
19 160.2     4.474  4.46806 2.50284 2.4962 
20 170.24     4.45959 4.452  2.48674 2.47829 
21 180.23     4.4462 4.43769 2.47183 2.46238 
22 190.26     4.43278 4.42476 2.45693 2.44805 
23 200.25     4.42285 4.41308 2.44594 2.43514 
24 210.24     4.4114 4.40247 2.43329 2.42345 
25 220.24     4.40221 4.39279 2.42316 2.4128 
26 230.14     4.3933 4.38399 2.41336 2.40315 
27 240.28     4.38401 4.37568 2.40317 2.39404 
28 250.26     4.37705 4.36815 2.39554 2.38581 
29 260.3     4.36915 4.36114 2.3869  2.37816 
30 270.21     4.36458 4.3547  2.38191 2.37114 
31 280.29     4.36217 4.34861 2.37928 2.36452 
32 290.33     4.3597  4.34295 2.37659 2.35836 
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Complex [NaL6(V=O)6]ClO4 (2) 
 
MW = 1315.15 g/mol, χdia = -500.0 x 10-6 cm3 mol-1 
m = 24.36 mg, H = 0.10 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1 1.97     6.99811 8.0463  6.12354 8.09531 
2 5.02     6.86846 6.88713 5.89875 5.93086 
3 9.89     6.47501 6.4138  5.2423  5.14366 
4 14.99     6.05107 6.03712 4.57831 4.55723 
5 20     5.75119 5.75706 4.13577 4.14422 
6 30     5.36303 5.38554 3.59635 3.6266 
7 39.99     5.13054 5.15508 3.2913  3.32286 
8 50.01     4.97839 4.99812 3.09898 3.12359 
9 60.04     4.86789 4.88418 2.96294 2.9828 
10 70.04     4.78378 4.79809 2.86143 2.87858 
11 80.08     4.72293 4.73037 2.7891  2.7979 
12 90.14     4.67333 4.67578 2.73083 2.73369 
13 100.16     4.63465 4.6311  2.68581 2.6817 
14 110.16     4.59817 4.59382 2.64369 2.63869 
15 120.25     4.56632 4.56194 2.6072  2.6022 
16 130.11     4.5333  4.53514 2.56963 2.57171 
17 140.19     4.51156 4.51137 2.54504 2.54483 
18 150.2     4.48957 4.49069 2.52029 2.52155 
19 160.21     4.47252 4.47243 2.50118 2.50108 
20 170.23     4.45664 4.45617 2.48346 2.48293 
20 180.25     4.44193 4.44161 2.46709 2.46673 
22 190.22     4.42958 4.42857 2.45339 2.45227 
23 200.26     4.41723 4.41669 2.43973 2.43913 
24 210.23     4.406  4.40594 2.42734 2.42727 
25 220.26     4.39693 4.39607 2.41735 2.41641 
26 230.26     4.38765 4.38706 2.40716 2.40651 
27 240.27     4.38106 4.37877 2.39994 2.39743 
28 250.28     4.372  4.3711  2.39002 2.38904 
29 260.26     4.36063 4.36402 2.3776  2.3813 
30 270.18     4.35665 4.35749 2.37327 2.37418 
31 280.26     4.35216 4.3513  2.36838 2.36744 
32 290.27     4.35497 4.34557 2.37144 2.36121 
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Complex [NaL6(V=O)6]ClO4 (2) 
 
MW = 1315.15 g/mol, χdia = -500.0 x 10-6 cm3 mol-1 
m = 24.36 mg, H = 0.01 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1 1.88     6.98935 8.02428 6.10822 8.05107 
2 4.97     6.84006 6.85918 5.85007 5.88282 
3 9.85     6.42462 6.38254 5.16103 5.09364 
4 14.99     6.02245 6.0001  4.53511 4.50151 
5 20     5.72244 5.72094 4.09453 4.09238 
6 30     5.33521 5.35421 3.55913 3.58453 
7 40     5.10518 5.12779 3.25884 3.28777 
8 50.01     4.95826 4.9742  3.07397 3.09377 
9 60.06     4.84997 4.86285 2.94116 2.95681 
10 70.06     4.75926 4.77893 2.83217 2.85563 
11 80.07     4.70952 4.71311 2.77328 2.77751 
12 90.11     4.66882 4.6601  2.72556 2.71539 
13 100.09   4.61289 4.61679 2.66065 2.66515 
14 109.97     4.57777 4.58095 2.62029 2.62393 
15 120.06    4.54152 4.54992 2.57895 2.5885 
16 130.16     4.51611 4.52326 2.55018 2.55826 
17 140.19     4.49341 4.50034 2.5246  2.5324 
18 150.2     4.47085 4.4803  2.49932 2.50989 
19 160.2     4.45223 4.46261 2.47854 2.49011 
20 170.24     4.44718 4.44684 2.47292 2.47254 
21 180.07     4.42886 4.43301 2.45259 2.45719 
22 190.22     5.31166 4.42013 3.52778 2.44293 
23 200.26     4.40385 4.40863 2.42497 2.43024 
24 210.25     4.41029 4.39822 2.43207 2.41877 
25 220.25     4.38488 4.3887  2.40412 2.40831 
26 230.27     4.38065 4.37998 2.39949 2.39875 
27 240.29     4.36846 4.37193 2.38615 2.38994 
28 250.28     4.36412 4.36453 2.38141 2.38186 
29 260.29     4.37061 4.35766 2.3885  2.37437 
30 270.31     4.36965 4.35129 2.38745 2.36743 
31 280.24     4.3571  4.3454  2.37376 2.36103 
32 290.26     4.34353 4.33985 2.35899 2.355 
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Complex [MnIII2L4(CH3COO)2]n (3) 
 
MW = 668.00 g/mol, χdia = -350.0 x 10-6 cm3 mol-1 
m = 20.67 mg, H = 1.00 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1 2  3.99891 5.47513 1.99951 3.74826 
2 5.01  5.71229 7.19143 4.08001 6.46654 
3 10  7.04558 7.78359 6.2069  7.57532 
4 15  7.56006 7.7681  7.14647 7.5452 
5 20  7.65614 7.67363 7.32927 7.3628 
6 30  7.53816 7.50795 7.10513 7.04829 
7 40  7.41085 7.39567 6.86716 6.83906 
8 50  7.31846 7.31827 6.697  6.69666 
9 60.03  7.24599 7.26227 6.56503 6.59456 
10 70.05  7.18987 7.22017 6.46373 6.51833 
11 80.09  7.15525 7.18734 6.40163 6.45918 
12 90.1  7.13207 7.16117 6.36022 6.41223 
13 100.1  7.11078 7.13982 6.32231 6.37405 
14 110.1  7.09753 7.12204 6.29877 6.34235 
15 120.17  7.08669 7.10693 6.27954 6.31546 
16 130.17  7.07773 7.09408 6.26367 6.29265 
17 140.17  7.06818 7.08295 6.24678 6.27292 
18 150.19  7.06425 7.0732  6.23984 6.25566 
19 160.21  7.05906 7.06462 6.23067 6.24049 
20 170.23  7.05616 7.05699 6.22555 6.22702 
21 180.21  7.05197 7.0502  6.21816 6.21504 
22 190.23  7.04676 7.04407 6.20898 6.20424 
23 200.24  7.04583 7.03854 6.20734 6.1945 
24 210.24  7.04357 7.0335  6.20336 6.18563 
25 220.16  7.04033 7.02895 6.19765 6.17763 
26 230.25  7.04183 7.02472 6.20029 6.1702 
27 240.26  7.04019 7.02083 6.19741 6.16337 
28 250.26  7.04262 7.01728 6.20168 6.15714 
29 260.26  7.03901 7.01397 6.19533 6.15133 
30 270.26  7.03751 7.0109  6.19269 6.14595 
31 280.27  7.04425 7.00805 6.20456 6.14095 
32 290.26  7.05599 7.00539 6.22525 6.13629 
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Complex [L2Fe2(NO3)2]·CH2Cl2·hexane (4) 
 
MW = 1484.0 g/mol, χdia = -700.0 x 10-6 cm3 mol-1 
m = 22.26 mg, H = 1.00 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1 2    8.02449 7.82004 8.0686  7.66269 
2 5.01    9.09249 9.09523 10.35926 10.36551 
3 9.99    8.94847 8.92176 10.03369 9.97388 
4 14.99   8.77133 8.77066 9.64038 9.6389 
5 20   8.68272 8.68098 9.44658 9.4428 
6 30  8.58518 8.5837    9.23553 9.23235 
7 39.99  8.53035 8.53234 9.11794 9.1222 
8 50.01    8.49874 8.50064 9.05049 9.05454 
9 60.02   8.47507 8.47918 9.00015 9.00888 
10 70.03    8.45668 8.46373 8.96113 8.97608 
11 80.06    8.44792 8.45201 8.94258 8.95124 
12 90.09    8.44157 8.44285 8.92914 8.93185 
13 100.12    8.43194 8.4355  8.90878 8.9163 
14 110.09    8.42661 8.4295  8.89752 8.90362 
15 120.16    8.42316 8.42443 8.89023 8.89292 
16 130.16    8.41639 8.42017 8.87595 8.88392 
17 140.18    8.40834 8.4165  8.85898 8.87618 
18 150.12    8.4024  8.41333 8.84647 8.8695 
19 160.2    8.39747 8.41053 8.83609 8.86359 
20 170.21    8.39492 8.40807 8.83072 8.85841 
21 180.24    8.39367 8.40586 8.82809 8.85375 
22 190.23    8.3903  8.40391 8.82101 8.84965 
23 200.24    8.39061 8.40214 8.82166 8.84592 
24 210.25    8.38841 8.40053 8.81703 8.84253 
25 220.25    8.38794 8.39908 8.81604 8.83948 
26 230.25    8.38808 8.39775 8.81634 8.83668 
27 240.26    8.38646 8.39653 8.81293 8.83411 
28 250.26    8.38821 8.39541 8.81661 8.83175 
29 260.27    8.38736 8.39437 8.81482 8.82957 
30 270.25    8.38493 8.3934  8.80972 8.82752 
31 280.24     8.3861  8.39251 8.81218 8.82565 
32 290.23     8.38536 8.39169 8.81062 8.82393 
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Complex [C6H4(NH2)2][L"2VIII2VIV2(µ-Cl)6(Cl)4] (5) 
 
MW = 1768.00 g/mol. χdia = -1100.0 x 10-6 cm3 mol-1 
m = 25.90 mg, H = 1.00 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1 1.99  1.60911 1.60203 0.32375 0.32091 
2 4.94  2.16397 2.1443  0.58552 0.57493 
3 9.92  2.23234 2.29997 0.62311 0.66143 
4 14.97  2.25948 2.34646 0.63835 0.68844 
5  20.01  2.29139 2.36857 0.65651 0.70148 
6 30.01  2.38981 2.39755 0.71411 0.71875 
7 40  2.51715 2.48603 0.79224 0.77278 
8 50.01  2.64895 2.58361 0.87738 0.83463 
9 60.07  2.77753 2.71486 0.96463 0.92159 
10 70.04  2.89551 2.83154 1.04831 1.00251 
11 80.06  3.00683 2.95091 1.13047 1.08881 
12 90.12  3.1095  3.06381 1.20899 1.17372 
13 99.97  3.20246 3.18296 1.28236 1.26679 
14 109.98  3.28941 3.2917  1.35294 1.35482 
15 119.88  3.36658 3.38729 1.41716 1.43465 
16 130.2  3.44018 3.47523 1.4798  1.51011 
17 140.23  3.50632 3.55053 1.53725 1.57626 
18 150.24  3.56693 3.61705 1.59085 1.63588 
19 160.26  3.62396 3.6761  1.64213 1.68972 
20 170.3  3.67713 3.72875 1.69067 1.73847 
21 180.28  3.72769 3.77547 1.73748 1.78231 
22 190.32  3.77572 3.81765 1.78255 1.82236 
23 200.3  3.82065 3.85541 1.82522 1.85858 
24 210.32  3.86428 3.88968 1.86715 1.89177 
25 220.35  3.90361 3.92079 1.90535 1.92215 
26 230.35  3.94236 3.94906 1.94336 1.94997 
27 240.26  3.97675 3.97466 1.97741 1.97534 
28 250.41  4.01202 3.99869 2.01265 1.99929 
29 260.38  4.04619 4.03036 2.04707 2.03109 
30 270.42  4.07805 4.0505  2.07944 2.05144 
31 280.43  4.10809 4.08907 2.11019 2.09069 
32 290.41  4.13901 4.11624 2.14207 2.11857 
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Complex [L'FeIIINiII(MeImOx)3](ClO4)2 (6) 
 
MW = 856.55 g/mol, χdia = -350.0 x 10-6 cm3 mol-1 
m = 29.28 mg, H = 1.00 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
 
1 1.95  2.54645 2.8896  0.8108  1.04404 
2 5.19  3.26312 3.2341  1.3314  1.30782 
3 9.86  3.49584 3.47332 1.52807 1.50845 
4 14.99  3.61599 3.59983 1.63492 1.62034 
5 20  3.66584 3.66005 1.68031 1.675 
6 30  3.72248 3.71626 1.73263 1.72685 
7 40  3.76631 3.75626 1.77367 1.76422 
8 50.01  3.81932 3.80814 1.82395 1.81329 
9 60.03  3.88839 3.87688 1.89052 1.87934 
10 70.04  3.96838 3.95922 1.9691  1.96002 
11 80.04  4.05634 4.05077 2.05736 2.05171 
12 90.11  4.1531  4.14822 2.15668 2.15162 
13 100.08  4.24849 4.24696 2.25689 2.25526 
14 110.12  4.34976 4.34634 2.36577 2.36205 
15 120.15  4.44768 4.44409 2.47348 2.46949 
16 130.16  4.54081 4.53878 2.57815 2.57584 
17 140.18  4.62879 4.63004 2.67902 2.68047 
18 150.19  4.7135  4.71704 2.77797 2.78215 
19 160.2  4.79378 4.79973 2.87341 2.88055 
20 170.22  4.87016 4.87801 2.9657  2.97527 
21 180.23  4.94226 4.9518  3.05416 3.06597 
22 190.22  5.00975 5.02117 3.13815 3.15247 
23 200.24  5.07753 5.08658 3.22364 3.23514 
24 210.24  5.13979 5.14788 3.30318 3.31358 
25 220.26  5.19951 5.20554 3.38038 3.38823 
26 230.25  5.25711 5.25958 3.45569 3.45894 
27 240.26  5.30913 5.31049 3.52442 3.52623 
28 250.29  5.36078 5.35843 3.59333 3.59018 
29 260.28  5.4082  5.40331 3.65718 3.65057 
30 270.27  5.45243 5.44558 3.71725 3.70791 
31 280.25  5.49659 5.48536 3.7777  3.76228 
32 290.28  5.53816 5.52307 3.83506 3.81419 
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Complex [L'FeIIIZnII(MeImOx)3](ClO4)2 (7) 
 
MW = 863.00 g/mol, χdia = -350.0 x 10-6 cm3 mol-1 
m = 33.78 mg, H = 1.00 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1 2  4.29471 4.29568 2.30626 2.30731 
2 5.07  5.27022 5.13987 3.47295 3.30328 
3 10  5.59429 5.55621 3.91319 3.8601 
4 15  5.7008  5.70638 4.06362 4.07158 
5 20  5.75056 5.77903 4.13487 4.17591 
6 30  5.80139 5.84556 4.20829 4.27261 
7 40  5.82808 5.87391 4.2471  4.31416 
8 49.99  5.84344 5.88839 4.26951 4.33545 
9 60.04  5.85388 5.89675 4.28478 4.34777 
10 70.05  5.86191 5.90196 4.29655 4.35546 
11 80.07  5.87122 5.90544 4.3102  4.36059 
12 90.09  5.8788  5.90786 4.32134 4.36417 
13 100.09  5.8839  5.90962 4.32884 4.36677 
14 110.11  5.88875 5.91094 4.33598 4.36872 
15 120.18  5.89546 5.91196 4.34587 4.37023 
16 130.17  5.89451 5.91276 4.34447 4.37141 
17 140.18  5.89848 5.9134  4.35032 4.37236 
18 150.19  5.90346 5.91392 4.35767 4.37313 
19 160.21  5.90694 5.91435 4.36281 4.37376 
20 170.22  5.91229 5.91471 4.37072 4.3743 
21 180.17  5.91416 5.915  4.37348 4.37472 
22 190.24  5.91832 5.91527 4.37964 4.37512 
23 200.25  5.93015 5.91549 4.39716 4.37545 
24 210.24  5.92346 5.91569 4.38725 4.37574 
25 220.28  5.92846 5.91586 4.39466 4.376 
26 230.24  5.93006 5.91601 4.39703 4.37622 
27 240.25  5.92309 5.91614 4.3867  4.37641 
28 250.25  5.93545 5.91626 4.40503 4.37659 
29 260.26  5.93525 5.91637 4.40473 4.37675 
30 270.26  5.93828 5.91646 4.40923 4.37688 
31 280.26  5.94166 5.91655 4.41425 4.37702 
32 290.24  5.94651 5.91664 4.42146 4.37715 
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Complex [L'FeIIIZnII(MeImOx)3](ClO4)2 (8) 
 
MW = 870.00 g/mol, χdia = -350.0 x 10-6 cm3 mol-1 
m = 29.19 mg, H = 1.00 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1 1.89  2.50785 2.40533 0.7864  0.72342 
2 4.96  2.90269 2.89997 1.05352 1.05155 
3 9.87  2.98032 2.98444 1.11062 1.1137 
4 15  2.99709 3.00069 1.12316 1.12586 
5 20  3.00346 3.00606 1.12794 1.12989 
6 30  3.00851 3.00985 1.13173 1.13274 
7 40.01  3.01079 3.01116 1.13345 1.13373 
8 50.01  3.01215 3.01177 1.13447 1.13419 
9 60.03  3.01052 3.01209 1.13325 1.13443 
10 70.05  3.00989 3.01229 1.13277 1.13458 
11 80.05  3.01094 3.01241 1.13356 1.13467 
12 90.06  3.01132 3.01249 1.13385 1.13473 
13 100.11  3.01293 3.01255 1.13506 1.13477 
14 110.28  3.01385 3.01259 1.13575 1.13481 
15 120.12  3.01193 3.01262 1.13431 1.13483 
16 130.16  3.01033 3.01265 1.1331  1.13485 
17 140.18  3.01011 3.01266 1.13294 1.13486 
18 150.2  3.01064 3.01268 1.13334 1.13487 
19 160.21  3.01042 3.01269 1.13317 1.13488 
20 170.22  3.01127 3.0127  1.13381 1.13489 
21 180.24  3.01074 3.0127  1.13341 1.13489 
22 190.18  3.01063 3.01271 1.13333 1.1349 
23 200.24  3.01116 3.01271 1.13373 1.1349 
24 210.23  3.01097 3.01272 1.13358 1.1349 
25 220.27  3.01214 3.01272 1.13447 1.1349 
26 230.28  3.01228 3.01272 1.13457 1.1349 
27 240.27  3.01343 3.01272 1.13544 1.1349 
28 250.29  3.01454 3.01272 1.13627 1.1349 
29 260.3  3.01576 3.01272 1.13719 1.1349 
30 270.28  3.01754 3.01272 1.13854 1.1349 
31 280.26  3.0201  3.01272 1.14047 1.1349 
32 290.26  3.02318 3.01271 1.1428  1.1349 
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Complex [L'FeIIIMnII(MeImOx)3](ClO4)2 (9) 
 
MW = 852.00 g/mol, χdia = -400.0 x 10-6 cm3 mol-1 
m = 30.73 mg, H = 1.00 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1 1.91  0.40389 0.01914 0.0204  0 
2 5.06  0.90667 0.58741 0.10279 0.04339 
3 10  1.67305 1.49754 0.34999 0.28201 
4 14.98  2.19138 2.05158 0.60045 0.52927 
5 20  2.60298 2.47521 0.84719 0.77042 
6 30  3.26537 3.14725 1.33323 1.24556 
7 39.99  3.80885 3.69682 1.81397 1.71854 
8 49.99  4.27074 4.16923 2.28059 2.18582 
9 60.04  4.66612 4.5829  2.72241 2.64109 
10 70.04  5.00335 4.942  3.13013 3.07119 
11 80.14  5.2952  5.25676 3.50595 3.47487 
12 90.06  5.53837 5.52519 3.83535 3.83881 
13 100.17  5.75495 5.76237 4.14118 4.17546 
14 110.12  5.93569 5.96562 4.40538 4.47521 
15 119.94  6.0952  6.14081 4.64534 4.74191 
16 130.18  6.23523 6.30115 4.86123 4.99277 
17 140.18  6.35895 6.43883 5.05606 5.21334 
18 150.19  6.46708 6.5609  5.22947 5.41288 
19 160.21  6.56513 6.66956 5.38924 5.59366 
20 170.21  6.65306 6.76664 5.53457 5.75769 
21 180.22  6.73078 6.85388 5.66464 5.90711 
22 190.23  6.80317 6.93266 5.78714 6.04368 
23 200.24  6.8664  7.004  5.89521 6.16871 
24 210.26  6.9268  7.06892 5.99938 6.28359 
25 220.26  6.9815  7.12808 6.09451 6.38921 
26 230.21  7.02852 7.18205 6.17688 6.48632 
27 240.28  7.0773  7.23223 6.26291 6.57728 
28 250.25  7.11893 7.27803 6.33681 6.66085 
29 260.3  7.15941 7.3207  6.40908 6.73918 
30 270.27  7.19786 7.35998 6.4781  6.81169 
31 280.28  7.23018 7.39662 6.53641 6.87968 
32 290.23  7.26145 7.43053 6.59307 6.94291 
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Complex [L'FeIIIFeII(MeImOx)3](ClO4)2 (10) 
 
MW = 853.70 g/mol, χdia = -350.0 x 10-6 cm3 mol-1 
m = 30.20 mg, H = 1.00 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1 2  4.8501  4.69298 2.94132 2.75384 
2 5.04  5.62683 5.5486  3.95885 3.84953 
3 10  5.79449 5.79423 4.19828 4.19791 
4 15  5.83614 5.85642 4.25885 4.2885 
5 20  5.85217 5.88059 4.28228 4.32397 
6 30  5.86713 5.89895 4.3042  4.35102 
7 40.01  5.87525 5.90567 4.31612 4.36093 
8 50.01  5.88115 5.90886 4.3248  4.36565 
9 60.03  5.88299 5.91062 4.3275  4.36825 
10 70.04  5.88549 5.9117  4.33118 4.36984 
11 80.05  5.89197 5.91241 4.34072 4.37089 
12 90.09  5.89578 5.91291 4.34634 4.37163 
13 100.14  5.90075 5.91327 4.35367 4.37217 
14 110.12  5.90182 5.91355 4.35525 4.37258 
15 120.14  5.90667 5.91377 4.36241 4.37291 
16 130.17  5.90418 5.91394 4.35873 4.37316 
17 140.19  5.90714 5.91408 4.36311 4.37336 
18 150.19  5.90883 5.9142  4.3656  4.37354 
19 160.13  5.91069 5.91431 4.36835 4.3737 
20 170.21  5.91516 5.91439 4.37496 4.37382 
21 180.23  5.91621 5.91448 4.37651 4.37396 
22 190.24  5.91946 5.91454 4.38132 4.37404 
23 200.25  5.92037 5.91461 4.38267 4.37415 
24 210.24  5.92235 5.91467 4.3856  4.37424 
25 220.25  5.92391 5.91473 4.38791 4.37432 
26 230.25  5.92631 5.91477 4.39147 4.37438 
27 240.27  5.93169 5.91481 4.39945 4.37444 
28 250.21  5.93188 5.91487 4.39973 4.37453 
29 260.26  5.9346  5.9149  4.40376 4.37458 
30 270.27  5.93801 5.91495 4.40883 4.37465 
31 280.27  5.94181 5.915  4.41447 4.37472 
32 290.24  5.95272 5.91503 4.4307  4.37477 
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Complex [L'FeIIICuII(MeImOx)3](ClO4)2 (11) 
 
MW = 853.70 g/mol, χdia = -350.0 x 10-6 cm3 mol-1 
m = 30.20 mg, H = 1.00 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1 2  3.74155 3.35621 1.75043 1.40844 
2 5.05  4.42697 4.32217 2.4505  2.33585 
3 10  4.64143 4.62316 2.69367 2.67251 
4 15  4.70867 4.71725 2.77228 2.7824 
5 20  4.73788 4.75844 2.80679 2.8312 
6 29.98  4.76755 4.79228 2.84205 2.87161 
7 40  4.78483 4.80665 2.86269 2.88886 
8 50  4.79778 4.81821 2.87821 2.90277 
9 60  4.81621 4.83392 2.90036 2.92173 
10 70.04  4.84171 4.85697 2.93115 2.94966 
11 80.05  4.87675 4.88764 2.97373 2.98703 
12 90.12  4.91751 4.92522 3.02365 3.03314 
13 100.15  4.96252 4.9676  3.07926 3.08556 
14 110.04  5.01024 5.01247 3.13876 3.14156 
15 119.98  5.05849 5.05902 3.19951 3.20018 
16 130.17  5.10281 5.10698 3.25582 3.26114 
17 140.19  5.14968 5.15342 3.3159  3.32072 
18 150.19  5.193  5.19835 3.37192 3.37888 
19 160.23  5.23785 5.24164 3.43042 3.43539 
20 170.23  5.2778  5.28274 3.48295 3.48947 
21 180.23  5.31661 5.32165 3.53436 3.54106 
22 190.21  5.35239 5.35831 3.58209 3.59002 
23 200.25  5.38593 5.39306 3.62713 3.63674 
24 210.24  5.41873 5.42554 3.67144 3.68067 
25 220.28  5.45001 5.45619 3.71395 3.72238 
26 230.27  5.48074 5.48482 3.75595 3.76154 
27 240.31  5.50887 5.51183 3.7946  3.79868 
28 250.19  5.52936 5.53683 3.82288 3.83322 
29 260.31  5.55623 5.56086 3.86013 3.86656 
30 270.25  5.57369 5.58307 3.88443 3.89751 
31 280.24  5.5919  5.60407 3.90985 3.92689 
32 290.32  5.61264 5.62405 3.93891 3.95494 
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Complex [L'CrIIINiII(MeImOx)3](ClO4)2 (13) 
 
MW = 852.70 g/mol, χdia = -425.0 x 10-6 cm3 mol-1 
m = 29.54 mg, H = 1.00 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1 1.93  1.38051 1.52487 0.2383  0.29074 
2 4.95  1.79166 1.67672 0.40138 0.35153 
3 9.88  2.28905 2.2066  0.65517 0.60882 
4 14.99  2.79309 2.74137 0.97546 0.93967 
5 20  3.16902 3.14109 1.25572 1.23368 
6 29.99  3.64624 3.65128 1.66239 1.66698 
7 40  3.92027 3.9397  1.92164 1.94074 
8 49.99  4.10044 4.11796 2.10234 2.12034 
9 60.05  4.2103  4.23786 2.2165  2.24561 
10 70.05  4.29638 4.32262 2.30806 2.33634 
11 80.02  4.35991 4.38562 2.37682 2.40493 
12 90.09  4.41479 4.43466 2.43703 2.45902 
13 100.15  4.45697 4.47358 2.48382 2.50237 
14 110.02  4.49251 4.50461 2.52359 2.53721 
15 120.16  4.52607 4.53102 2.56144 2.56704 
16 130.18  4.54528 4.55294 2.58323 2.59194 
17 140.18  4.56556 4.57161 2.60633 2.61324 
18 150.21  4.58601 4.58778 2.62973 2.63176 
19 160.23  4.60227 4.60184 2.64841 2.64792 
20 170.22  4.61826 4.61416 2.66685 2.66211 
21 180.24  4.6314  4.62512 2.68204 2.67477 
22 190.26  4.6436  4.63489 2.69619 2.68609 
23 200.24  4.65449 4.64362 2.70885 2.69622 
24 210.18  4.66381 4.65148 2.71971 2.70535 
25 220.24  4.67378 4.65868 2.73135 2.71373 
26 230.22  4.68108 4.6652  2.73989 2.72133 
27 240.27  4.68886 4.67119 2.74901 2.72833 
28 250.27  4.69758 4.67667 2.75924 2.73473 
29 260.27  4.70295 4.68174 2.76555 2.74066 
30 270.25  4.70967 4.6864  2.77346 2.74612 
31 280.25  4.71663 4.69073 2.78166 2.7512 
32 290.32  4.72397 4.69478 2.79033 2.75595 
 
 
 
 
 
 
Appendices 
 209 
 
Complex [L'CrIIIZnII(MeImOx)3](ClO4)2 (14) 
 
MW = 859.00 g/mol, χdia = -425.0 x 10-6 cm3 mol-1 
m = 50.91 mg, H = 1.00 T 
 
No T(K)  µeff(exp.) µcal(calc.) χm·T(exp.) χm·T(calc.) 
1 2  3.53366 3.35898 1.56132 1.41077 
2 5.01  3.69684 3.67336 1.70884 1.68721 
3 9.9  3.73144 3.7309  1.74098 1.74048 
4 15  3.73875 3.74256 1.74781 1.75137 
5 20  3.74249 3.74655 1.75131 1.75511 
6 30  3.74486 3.7494  1.75353 1.75778 
7 40  3.74597 3.75041 1.75457 1.75873 
8 50.01  3.7469  3.75087 1.75544 1.75916 
9 60.01  3.74833 3.75112 1.75678 1.75939 
10 70.1  3.74928 3.75127 1.75767 1.75953 
11 80.14  3.7509  3.75137 1.75919 1.75963 
12 90.1  3.75991 3.75144 1.76765 1.75969 
13 99.98  3.75354 3.75148 1.76166 1.75973 
14 110.05  3.7549  3.75152 1.76294 1.75977 
15 119.99  3.75633 3.75155 1.76428 1.7598 
16 130.18  3.75226 3.75156 1.76046 1.75981 
17 140.18  3.75069 3.75159 1.75899 1.75983 
18 150.21  3.75161 3.75159 1.75985 1.75983 
19 160.23  3.75205 3.75161 1.76027 1.75985 
20 170.21  3.75187 3.75161 1.7601  1.75985 
21 180.23  3.75331 3.75162 1.76145 1.75986 
22 190.26  3.75266 3.75162 1.76084 1.75986 
23 200.26  3.75349 3.75163 1.76162 1.75987 
24 210.24  3.75213 3.75163 1.76034 1.75987 
25 220.27  3.75211 3.75164 1.76032 1.75988 
26 230.23  3.75411 3.75164 1.7622  1.75988 
27 240.35  3.75527 3.75164 1.76329 1.75988 
28 250.29  3.7553  3.75164 1.76332 1.75988 
29 260.28  3.75486 3.75164 1.7629  1.75988 
30 270.19  3.75339 3.75165 1.76152 1.75989 
31 280.28  3.7549  3.75165 1.76294 1.75989 
32 290.24  3.756  3.75165 1.76397 1.75989 
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4. MCD Data 
Table S1 Detailed Results for Concurrent Fits to the UV/Vis and MCD Spectra of Fe-Ni, 
6. 
 Abs()* 
(nm)** (Fe/Ni) 
MCD 
(Fe/Ni) 
Assignment 
1  11890(1085)(841) 3A2  3T2(3F), Ni 
2  13238(1053)(755) 3A2  1E(1D) ,Ni 
3  14347(1312)(697)  
4  15895(1410)(629)  
5 16593(2206)(602) 17093(1203)(585)  
6 18537(2004)(539) 18040(1203)(554)  
7  18869(862)(529) 6A1  4T1(4G)Fe 
8  19501(1273)(512) 3A2  3T1(3F)Ni 
9 19988(1975)(500) 20335(1205)(491)  
10 21017(2258)(475) 21286(1222)(469)  
11 22246(1999)(449) 22027(1307)(453) 3A2  1T2(1D)Ni 
12 23509(1864)(425) 23959(1274)(417) 6A1  4T2(4G)Fe 
13 24757(1871)(403) 24546(1132)(407)  
14 25986(1655)(384) 26366(1488)(379) 6A1  4E2(4G) Fe 
15 27185(1700)(367) 27218(1188)(367) 6A1  4A2(4G) Fe 
16 28185(1805)(354) 27888(1111)(358)  
17  28532(1065)(350) 3A2  3T1(3P)Ni 
18 29092(1906)(343) 29289(1360)(341) 6A1  4T2(4D) Fe 
19 30021(1820)(333) 30193(1261)(331) 6A1  4E(4D) Fe 
20 31142(2171)(321) 31682(1264)(315)  
21 32491(2112)(307) 
32505 
32551(1306)(307)  
22 33649(2225)(297) 33679(1232)(296) 6A1  4T1(4P) Fe 
23 34896(2286)(286) 34594(1235)(289)  
24  35423(1145)(282)  
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Table S2 Detailed Results for Concurrent Fits to the UV/Vis and MCD Spectra of Ga-Ni, 
8. 
 
 Abs(Ga/Ni) MCD 
(Ga/Ni) 
Assignment 
1 10183(2193)(982)   
2 11182(1576)(894) 11445(1349) (873) 3A2  3T2(3F) 
3 12320(1260)(811)  12116(1119)(825)  
4 13284(1353)(752) 13180(1142)(758) 3A2  1E(1D) 
5 14433(1653)(692)   
6 15848(1886)(630)   
7 17359(1941)(576)   
8 18570(1844)(538) 18286(1044)(546)  
9 19624(1927)(509) 19410 (1060)(515)  
10  20033(1007)(499) 3A2  3T1(3F) 
11 20773(1889)(481) 20850(1007)(479) 3A2  1T2(1D) 
12  27452(10333)(364)  
13  28401(1182)(352), 
28546(1177)(350) 
3A2  3T1(3P) 
 
14  29299(1094)(341), 
29536(1393)(338) 
 
15 31112(1785)(321) 31023(1066)(322)  
16 32545(1787)(307) 31990(1172)(312), 
32852(1021)(304) 
 
17  33541(982)(298)  
18 34041(2020)293 34827(1210)(287)  
19 35546(2059)(281) 35628(1043)(280)  
20 36958(2058)(270) 37174(968)(269)  
21 38383(2066)(260) 38539(952)(259)  
22 39708(1938)(251) 39383(1274)(253)  
 41083(2309)(243)   
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Table S3 Detailed Results for Concurrent Fits to the UV/Vis and MCD Spectra of Fe-Zn, 
7. 
 
 Abs(Fe/Zn) MCD(Fe/Zn) Assignment 
1 18337(2352)*(545)** 17862(889)*(559)** 6A1  4T1(4G)Fe 
2  18892(1000)(529)  
3 19594(2376)(510)   
4  20032(1315)(499)  
5 20672(2227)(483) 21137(973) (473)  
6 22190(2475)(450) 22275(1715) (448)  
7 23499(2086)(425) 23497 (1532)(425) 6A1  4T2(4G)Fe 
8 24719(2137)(404) 24556(1628) (407)  
9 25917(1985)(385) 25537(1620) (391) 6A1  4E2(4G) Fe 
10 26943(1952)(371) 26575(1540) (376) 6A1  4A2(4G) Fe 
11 27918(2122)(358) 27973 (1453)(357)  
12 28961(2109)(345) 28858(1335) (346) 6A1  4T2(4D) Fe 
13 30186(2001)(331) 29465(1080) (339) 6A1  4E(4D) Fe 
14 31611(2341)(316) 31451(1904) (317)  
15 32850(2261)(304) 32381(1535) (308)  
16 33508(2152)(298) 33284(1404) (300) 6A1  4T1(4P) Fe 
17 34774(1846)(287) 34329(1400)(291)  
18  35438(1489) (282)  
19 35941(1821)(278)   
20  37693(2066)(265)  
21    
  39906(1958)(250)  
*FWHM. 
** values in nm. 
 
 
 
 
 
 
